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Abstract 
In today’s world, we have reached the point where conventional energy forms are 
inevitably running out. At the same time, the technology for alternative energy 
harnessing is improving with big steps, especially with society rethinking their 
high consumption of finite energy and material. This opens the opportunity und 
increases acceptance for projects and research to prove its actual implementation 
and to push the boundaries of current technology further. 
One particular area of application is the automotive sector showcasing raise of 
costs due to depleting fuel. Solar powered cars are raising interest as it could be 
a way to complete independence of any resource that has to be produced, mined 
or in any way transported to the place of consumption. Involvement with the view 
to enhance their research in this field has become interesting for universities. 
With solar powered cars, new problems emerge, amongst others the amount of 
harnessed sun power and the storage to have it available at the point of use. Due 
to the low energy available, energy storage as light and as efficient as possible is 
needed. A system is required that allows to be operated independently of its 
surrounding in a way it is controllable. 
Lithium-ion based batteries were seen as the most applicable way to execute this, 
as they give the highest energy density with lower losses than stable, 
commercially available energy storage mediums. 
It was decided to design, build and integrate a battery system with its safety 
circuit into a solar car. After material selection suppliers were searched and 
contacted. With the successful manufacturing of this system combining different 
processing methods, partially at university and partially in the industry, the project 
included a monitoring and management system and protective measures. It was 
implemented so that neither the limitations of the chemistry and the physical cells 
nor the vibration occurring while driving the car prevents its proper use. Besides 
this, communication and dimensions to operate within the car followed, allowing 
the driver and convoy to access information and control the system. 
This battery system proved to be practical in street use comparable with that of 
regular cars and posed as a safe and effective energy supply for an electrically 
driven car, meeting the given demands.  
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Nomenclature 
AA IEC-LR6 battery. Also double A or Mignon battery, 50.5 mm ∙ 14.5mm 
AC Alternating Current 
ATH Aluminium hydroxide, Al(OH)3 
Bit Binary Digit, basic unit of information in computing 
BMS Battery Management System 
CAD Computer-Aided Design 
CAN Controller Area Network 
CNC Computer Numerical Control 
DC Direct Current 
DCDC Direct Current to Direct Current converter 
DPDT Double Pull Double Throw relay 
FIA Fédération Internationale de l’Automobile 
GPS Global Positioning System 
MIG Metal Inert Gas welding 
MPPT Maximum Power Point Tracker 
NMMU Nelson Mandela Metropolitan University 
PVC Polyvinyl Chloride 
PWM Pulse-Width Modulation 
RS232 A standard for serial binary single-ended data and control signals 
S-Video Separate Video (2 channel), analog video transmission 
SASC South African Solar Challenge 
SOC State Of Charge 
TIG Tungsten Inert Gas welding 
TTL Transistor-Transistor-Logic 
USB Universal Serial Bus 
VW  Volkswagen 
VWSA Volkswagen South Africa 
WIFI wireless local area network based on IEEE 802.11 standards 
ZAR South African Rand, 1ZAR = 0.083EUR = 0.108USD (23.04.2012) 
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Chemical 
Li Lithium 
LiCoO2 Lithium Cobalt Oxide 
C Carbon 
LiC Lithium Carbide 
e- Electron 
Symbol Unit Descrition 
m - Length 
m² 1 m² Area 
km/h 0.277 m/s Velocity 
kg - Mass 
°C 273.15 K Temperature 
h 3600 s Time 
Pa 1 kg/(m·s²) Pressure, Stress 
g/cc 1000 kg/m³ Mass Concentration 
A - Electric Current 
Ah 3600 A∙s Ampere-hour 
W 1 kg∙m²/s³ Watt 
V 1 W/A  Voltage 
Wh 3600 W∙s  Watt-hour 
kWh/ton 1 kWh/kg Specific Energy per Weight 
kWh/m³ 1 kWh/m³  Specific Energy per Volume 
Ω 1 V/A Electric Resistance 
ohm-m 1 V∙m/A Electric Resistivity  
µm/m-°C 1∙106 m/(m∙K) Coefficient of Thermal Expansion 
W/m-K 1 W/(m∙K) Thermal Conductivity 
J/g-°C 1000 J/(kg∙K) Specific Heat Capacity 
Ahmax 3600 A∙s Maximum Capacity of Battery Pack 
mmax 1 kg Maximum weight of Battery Pack 
Vmax 1 V Maximum Battery Cell Voltage 
Vmin 1 V Minimum Battery Cell Voltage 
Asupply  1 A Supply for a System  
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1.  Introduction 
The “VWSA-NMMU Solar Car Project” is a relatively new project, integrating 
various engineering disciplines. The goal is to build a car that conforms to the 
rules of the SASC of 2012 and later to compete in a 5000 km race over two 
weeks through the length and breadth of South Africa. The challenge will start in 
Pretoria and run every day, besides an off day in Cape Town, back over East 
London to the starting point. The longest daily segment is 658 km with no other 
energy sources but the sun and regenerative braking, both only while racing, are 
allowed [1]. An overview of the event’s segments can be found in the following 
Table 1.1 [2]. The red line is the alternate route for teams that have not achieved 
1,800 km at the end of day seven, going from East London to Pietermaritzburg via 
Kokstad. 
Table 1.1: SASC competition organisation table 
Day Date From Halfway Day End Dist. MinSpeed 
Day 1 2012-09-18 Pretoria Lichtenburg Vryburg 453 47 
Day 2 2012-09-19 Vryburg Olifantshoek Upington 403 43 
Day 3 2012-09-20 Upington Pofadder Springbok 375 40 
Day 4 2012-09-21 Springbok Vanrhynsdorp Cape Town 556 59 
Day 6 2012-09-23 Cape Town Montagu Oudtshoorn 410 44 
Day 7 2012-09-24 Oudtshoorn Port Elizabeth East London 658 68 
Day 8 2012-09-25 East London Aliwal Noord Bloemfontein 559 59 
Day 8 2012-09-26 East London  - Kokstad 400 43 
Day 9 2012-09-26 Bloemfontein Harrismith Pietermaritzburg 568 60 
Day 9 2012-09-26 Kokstad  - Pietermaritzburg 185 20 
Day 10 2012-09-27 Pietermaritzburg Dundee Secunda 506 54 
Day 11 2012-09-28 Secunda  - Pretoria 227 24 
Dist.: Distance in km; MinSpeed: Minimum required speed in km / h 
Amongst others, regulations include a minimum driver weight plus unused ballast 
of 75 kg, maximum solar array of six square meters of mono crystalline silicon 
and a maximum of mmax,new = 21 kg of lithium-ion batteries may be used.  
 2 | P a g e  
 
A car needs to be designed and built from its initial concept to meet race 
requirements. The systems required include the body works, suspension, break 
and steering system on the mechanical side, as well as solar panels, MPPTs, 
motor and electrical control, telemetry and communication, lights, batteries and 
safety systems on the electrical side. 
As this contains many different subsystems, all necessary to be designed and 
built in order to compete, a division of subtasks is necessary. The overall goal is 
to have one completed car at the end and therefore the subtasks have to interact 
and cannot be viewed independently. Design criteria need to take into account 
the combination of all tasks for reasons of space, weight, stability and safety, as 
well as keeping parts that are more likely to fail easily accessible for quick access 
and replacement. 
The ultimate goal is to produce an on international level competitive solar car that 
therefore has to be built only for this purpose. With the relatively low energy gain 
through solar panels, the design has to be approached with other priorities than 
regular cars. The solar panels dictate a wide and flat surface for maximum 
exposure; the car weight, affecting rolling resistance, and aerodynamics have to 
be optimized. To have enough energy for the drive, comfort systems usually 
found in modern cars, like air conditioning, are stripped to the minimum and 
essentially limited to monitoring and control systems. 
Besides the importance of solar panels as the energy source, the battery is one of 
the most critical factors of a solar car. As sun exposure is not even constant at a 
certain time of day due to clouds and other obstacles, e.g. tunnels or buildings 
and trees next to the road and besides this, changes over the day as well as 
geographical location, the solar gain cannot be considered a perfectly reliable 
energy source. To make things worse, inclination of terrain leads to excessive 
needs of energy at some times but almost none at others. 
This leads to the need of an energy storage system to cope with those problems 
and to allow aiming for a car with a more constant speed, using it to balance the 
solar input. As this system has to be adapted to a custom and highly restrained 
car design, no available solution was found suitable and therefore a new system 
was required to be designed specifically for it. 
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1.1  Problem statement 
To design a battery management and control system to supply energy quickly and 
without delay, which needs to be as light as possible and with a good capacity to 
weight ratio and for safety reasons as stable as possible. 
1.2  Objectives 
In order to develop a battery management and control system, the following 
problems need to be solved: 
 Selection of a battery type. 
Cell chemistry has to be selected. The capacity per weight, flexibility with 
respect to processing, availability and safety are all critical. 
 Design of battery container and electrical integration. 
A battery container has to be designed. Fulfilling the requirements of the rules 
of the competition and fitting with the current design of the solar car. This 
container has to hold the cell configuration, mechanical connections and 
mountings to a battery container, electrical connections, the electrical 
interface, safety circuit access points, the safety and communication interface, 
the design of the battery container, and the design of battery container 
mounting within the car. 
 Research and implementation on electrical and battery system integration 
technologies. 
The necessary processes for realising this concept have to be analysed and 
the concept has to be adjusted until its manufacturing is feasible. This requires 
analysis of mechanical connections needed to join components, especially in 
regards to available materials and processing technologies, required cables 
and their diameters, analysis of available safety systems and their possible 
integration with the rest of the car.   
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 System realisation and testing strategy. 
Feasibility of concept. It needs to be confirmed the concept’s requirements are 
not only technically possible, but as well with the capabilities of this solar car 
project team and its surrounding. This means, manufacturing either in the labs 
and workshops of the university or in the nearby industry under the restriction 
of limited financial possibilities, as well as time constraints in the light of long 
import times. These criteria need to be met to be able to complete the system 
and test it before the start of the competition. For this, the parts of the concept 
that can be bought off the shelf have to be confirmed to be available with their 
various suppliers. The parts that are to be custom manufactured have to be 
approved to be possible to implement by the designated respective 
manufacturer, may it be the engineers or operators of the machines at the 
university or in the industry. 
 Design and implementation of mechanical systems. 
To reach the goal with limited financial resources, everything possible has to 
be manufactured within the project’s team. Design corrections initiated by 
other components of the project have to be anticipated, adjustments to the 
concept to simplify manufacturing have to be made. Supporting the industrial 
manufacturers with solving subtasks at the university and not leaving the task 
completely with them is required. Constant communication is necessary to 
ensure that possibilities for reducing the price through adjustments are not 
missed. With the parts manufactured, the battery container has to be 
assembled. This requires support from other members of the team to reach 
the time constraints.  
 Integrate electrical cabling and control into vehicle. 
The whole system needs to be assembled and integrated into the car. This 
requires a communication framework with the mechanical side of the team as 
to where and how cables can be routed and how priorities are set in regards to 
alterations and the mounting of the battery container. The elected solar car 
drivers have to be involved as to how the controls for the operation have to be 
mounted for them to be easily operated and how the telemetry has to be set 
up for rapid access while driving.   
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 Final testing and monitoring. 
The battery container needs to be tested on bench to prove its operation and 
to find possible flaws in its design, as well as testing of the battery 
management interface with the car’s telemetry. 
Those tests are repeated in the solar car on test track conditions to determine 
if the system works with the higher energy consumption and supply, vibrations 
and accelerations typical with driving. 
The final step is to operate and maintain this system within the car over the 
whole distance of the SASC of 2012, which includes monitoring while 
operational, analysis when possible and repairs whenever the system 
malfunctions. 
Concluding, a review has to be created, building the base for future 
developments for the next generation of solar cars. 
1.3  Methodology 
The rules of the SASC 2012 are explicit on the constraints of the battery pack and 
the application in a car sets further limits, setting the focus of this design not to 
create the most effective battery pack, but the most effective that is applicable to 
the design of the VWSA-NMMU solar car. 
As the design of the solar car is still in progress and affected to changes, the 
design of the battery pack has to be as flexible as possible. 
With no available “out of the box” solutions that fulfil all necessary requirements 
for this solar car battery system, especially in regards to fitting it into this specific 
solar car, information about different aspects of such a design have to be 
acquired and combined. 
As a first step, the designs of previous versions of other universities [3] 
participating in similar events is used to get a first impression of how to approach 
such a task and getting information about critical sections of the design.   
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To do this, contact is established with former and current members from other 
teams, as well as available plans, reports, pictures and videos from the internet 
acquired. Literature on battery technology is reviewed mainly to analyse the 
needs and available sources and ways to control and manage the battery system. 
As a second step, data sources for the subtasks have to be found, to account for 
all constraints those pose. These sources are books on general electrical or solar 
car designs [4] [5], web sites on building Li-Ion battery packs [6] [7], and contacts 
with the manufacturers and suppliers of components and materials fulfilling the 
requirements as well as data sheets of the components [8] [9], followed by the 
selection of hardware and materials, as well as tools, systems and manufacturing 
methods in terms of the available funding, time constraints and availability. 
Contacts within the university to the electrical, chemical and mechanical 
department give initial ideas as to which direction to investigate. This is especially 
necessary because the literature available on the matter of building solar cars is 
either written in a general way or outdated in regards to recent battery 
technology. 
After the selection, a constant exchange of information on the selected 
components in combination with the current overall car design is necessary to 
prevent incompatibility of car updates to the battery system or vice versa to occur. 
This is necessary to be able to combine both with each other, as regarding to the 
time frame it is not possible to design and build sequentially. 
As a third step, the realization of the design requires knowledge of material 
processing, machining and therefore communication with companies, professors, 
technical staff and students, and also those consulted in the second step; this is 
especially required from the chemical and mechanical side in regards to the 
capabilities of the available manufacturing equipment in the environment of the 
project and/or alternative approaches to obtain the desired result. This requires 
establishing contacts with professors and students not involved with the project, 
to learn about the university’s capability and potential companies, as this 
information is not always shared and the majority of local companies neither have 
a website nor are sufficiently described in phone directories. For manufacturing, 
the goal of the project is to involve local companies if technology that isn’t 
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available at the university is needed, before turning to national or even global 
solutions. 
A battery container is to be designed, developed and tested to confirm 
specifications required by the Solar Car Project. The design is done primarily 
using Autodesk Inventor, as the whole car design was done with it. This way 
constraining the battery container poses the smallest adaptions with risk of 
incompatibilities. The testing is both done on bench, simulating different scenarios 
with artificial loads and power supplies and a safety system prototype. The actual 
driving is simulated with a vibrating table and in actual application it is tested 
within the car, partially on the university’s parking lot, on campus streets and on a 
test track. 
Due to the goal of this project and its time frame, the majority of results, 
especially in regards to durability and potential, were only available after the 
SASC event. These contained system flaws that only occurred in specific 
situations and were not found in the testing phase, which will have to be taken 
care of for future designs.  
Because of the time and financial requirements, it was only possible to build one 
system. Comparisons to other promising solutions for this specific solar car were 
not possible on more than the design level. 
As most similar projects keep their exact problems and findings with their 
electrical system undisclosed or at least not fully disclosed, results from this 
research not only have an impact on future battery systems for the VWSA-NMMU 
Solar Car Project but on the design of their next solar car to support this newly 
developed system as well.   
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1.4  Organization of dissertation 
With this overview of tasks that need to be solved, Chapter 2 will show the 
background and foundation of the design process, requirements of the system 
both from the regulations of the SASC 2012 as well as from the technical side. 
Chapter 3 will describe the selected components and design of the safety circuit 
for the final system. 
Chapter 4 will show the physical battery container design, with Section 4.5 
showing production. This chapter will give detailed manufacturing processes. 
Chapter 5 will show testing and integration of the system into the car, including 
the use and experience while the SASC 2012. This chapter will show detailed 
system descriptions, show the monitoring and control capabilities as well as the 
safety circuit operation and the testing of those steps. 
Chapter 6 further discusses improvements and possibilities on the safety and 
battery system of future solar cars to enhance the reliability and reduce costs and 
complexity effectively. 
Section 6.8 is a conclusion showing the results of this dissertation. 
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2.  Battery technology and system design requirements 
The overall aim of this research is to build an energy storage as a complete 
system including safety circuitry to fit into the solar car, being removable [10] and 
as light as possible. For this, competition requirements, battery technology, 
resulting safety and battery management requirements need to be analysed and 
the constraints of the system design defined. 
2.1  Selecting an energy storage system 
One of the best ways to store and use energy without a high weight and in a form 
that makes it quickly accessible is through batteries using lithium-ion technology 
(Li-Ion) as the active component [11] [12]. As shown in Figure 2.1 [13], the only 
technologies with similar advantageous energy densities are non-rechargeable 
metal-air and sodium-sulphur batteries that need 300 °C to operate [14] and 
would not apply for use in a solar car. 
 
Figure 2.1: Output energy density of different electrical storage types 
However, Li-Ion is in comparison to other battery types more fragile [15]. Their 
risk to explode requires further handling, which increases the effort necessary for 
safe operation. 
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2.2  The lithium-ion charging cycle 
The exact half-reaction formulas on the electrodes depend on the cell chemistry, 
but a typical chemical reaction for lithium-ion cells is: 
 on the positive electrode:                     
      
 on the negative electrode:                  
For charging, the left hand side of the equations specifies the reactants, the right 
hand side the products. For discharging the inverse is the case [16]. 
Figure 2.2 [17] shows the need to adjust voltage and current for proper charging. 
 
Figure 2.2: Charge stages of lithium-ion cells  
If over-discharged, this leads irreversibly to the build-up of lithium oxide on the 
positive electrode to the point where the regular reaction cannot take place. The 
cell gradually loses capacity until the point where no        is available anymore 
and the cell is considered dead.  
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If overcharged, metallic lithium and/or oxygen, depending on the exact chemistry 
utilised in the cell, builds up at the negative electrode. The first can coat the 
electrode until no reaction is possible anymore and the latter can even pose a risk 
of explosion if the oxygen gas is not properly vented [17]. These issues lead to 
the need to monitor and control the cells from exceeding their operational 
conditions, a battery management system is required.  
2.3  SASC cell constraints 
The SASC rules allow different cell chemistries for energy storage, ranging from 
the regular combustion engine car used lead-acid to lithium-ion, and depending 
on the chemistry, different weight limits are in place [18]. 
As, by the time the battery dimensions were designed, only the SASC 2010 
competition rules were available and requests for the new rules were 
unsuccessful, the battery pack was designed for an outdated mmax,old = 25 kg Li-
Ion limit, although only mmax,new = 21 kg are within the new regulations released 
less than four months before competition [19]. This matter was brought to the 
SASC organizers, but there was no information available until September as to 
what the consequences will be, though a time penalty would have been the most 
likely. 
This lead to corrections that, as the actual design was not adjustable anymore, 
resulted in the removal of cells within the restraints of this design. 
Besides the weight limitation, the complete battery pack had to be removable and 
had to be in a box sealable by scrutinisers to prevent unauthorized replacement 
of cells [10]. A stipulated solution for this is seen in Figure 2.3 [10]. The reason for 
this is that replacements could have an effect similar to refuelling a combustion 
engine car as new batteries could have higher charge, and only solar power (with 
the exception of regenerative breaking) is an allowed source. To prevent 
advanced tampering with the box to replace cells, it has to be impounded each 
night by event officials. As the battery cells mustn’t be overcharged or over-
discharged, the cells need to be connected to a monitoring system. This 
monitoring requires having at least one connection to each potential of the battery 
pack, which is a minimum number of “cells plus one” connections necessary to 
monitor. The need for a multitude of connections leads to a benefit from 
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integrating the battery control and management into this battery box. This 
reduces the connections that need to be exposed to the outside that require to be 
reconnected on every battery box removal or reinstallation. Any connection that 
needs to be established leads to risky scenarios, as it requires connections to be 
exposed and the lack of mandatory attention or time pressure could lead to 
misconnections that could result in a disabled protection or even a hazard itself. If 
the battery cells should further be monitored and controlled outside of the vehicle, 
for example in a case of malfunctioning, testing or repair, this advantage of 
integrated monitoring becomes a necessity. 
 
Figure 2.3: Typical battery box as stipulated by the SASC organizers 
2.4  Battery requirements 
Besides Li-Ion cells having multiple advantages like higher energy density, no 
memory effect and lower self-discharge [15], they are more sensitive than most 
other chemistries. If overcharged or stored at a higher temperature, especially a 
combination of these two, a variety of gases build up and there is a risk that the 
battery may explode [20] and burn violently. If discharged too deeply, it will lose 
significant amounts of capacity permanently.   
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In a pack with a series of cells, even with the same specifications from the same 
manufacturer, there is no guarantee that their capacity is equal but just a nominal 
and minimal battery capacity. Voltages might become unbalanced as they are 
depending on the cell’s SOC that is depending on this capacity when drawing 
equal amounts of energy from multiple cells at the same time. This can lead to a 
situation where the overall voltage of the pack indicates to be below maximum 
charge or above cut off, while the first cells already reached the limit or even 
exceeded it as seen in Figure 2.4. This leads to the need of a management 
system to monitor every cell in a series and cut off any consumer if the first cell 
falls below minimum voltage or cut off any charger if the first cell is charged to the 
maximum. 
 
Figure 2.4: Single cells exceeding limit 
Ideally, unbalanced cells get rebalanced by the management system either 
through non-dissipative redistribution of energy or through dissipative, “energy 
wasting” of the higher charged cells to equalize them. Then a power supply can 
resume charging the string until the next cell hits the limit and so on, pushing the 
overall charge of the pack to a higher point than without balancing. 
Combined 
voltage visible 
to the outside 
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On the other hand, if wired parallel before serial, cells in parallel are able to 
balance each other and are only to be actively balanced before the first 
connecting up to prevent high balancing currents that are too high from going 
through their joints. After that, they can be considered as one cell by the battery 
management system. 
Connecting cells in parallel before in series has multiple advantages. Through 
being able to handle each parallel group as one cell, the cost for the BMS 
decreases significantly in packs with many parallel strings. Furthermore, a bad 
cell can be “supported” by the good ones in parallel, while in series it would pull 
down the whole string, which would require the whole string to shut down. If this 
situation happens in multiple strings all those strings have to be deactivated, 
while in parallel the good ones of those otherwise deactivated strings would 
continue to work. 
In the example in Figure 2.5, the capacity of the red cells is considered 50 % of 
the blue cells with Ahmax. In serial before parallel, that leads to two strings being 
deactivated after 0.5 Ahmax is withdrawn, giving in total only 0.75 Ahmax of the 
ideal amount, even if only their respective strings are shut down. If there is no 
single string disconnection, the whole pack’s capacity is at 0.5 Ahmax by that. In 
parallel before serial, three proper cells help each weaker cell, placing their 
parallel line at 0.875 Ahmax. 
 
Figure 2.5: Comparison parallel versus serial 
For serial, 16 cells have to be monitored, while for the parallel approach, only four 
“virtual cells” have to be monitored. 
50 % 
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This means with parallel connections, the drop in capacity is dependent on the 
row of cells with the lowest capacity. As it is more likely that cells get damaged in 
different rows than an accumulation in one row, this reduces the impact of lower 
capacity cells significantly over a serial approach in such an event. 
2.5  Safety circuit requirements 
The SASC rules require the battery pack to be disconnected through a 
mechanical separator [21], for example contactor, which has to be mounted inside 
the battery box [22]. 
It has to be possible to trigger this separation from the driver’s seat, as well as 
from the outside through an emergency switch. Besides this, even though not 
required by the rules but from the VWSA-NMMU Solar Car project management, 
the battery management system has to be able to break this connection too.  
This eliminates the possibility to use a similar system to the current world 
champion, Tokai University, as seen in Figure 2.6. Their system is based on a trip 
switch that has a rope connected to it going to the driver, with the rope accessible 
from the outside as well. 
 
 
Figure 2.6: Tokai University’s “Tokai Challenger” battery pull rope 
Rope to trip 
switch 
Battery 
pack 
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A significant advantage of this design is the decrease on energy consumption of 
the contact breaking parts, as it needs no power supplied to keep contacts 
closed. The disadvantage is that the safety system would not be able to 
disconnect the battery by itself, but would need human intervention. At this point, 
it was decided that an automatic disconnect has higher priority than the reduction 
of energy consumption, especially against the background that this was the first 
solar car design for all involved persons, opposing to the over twenty years some 
other teams can build on [23]. Besides this automatic switch off by the battery 
management system, the driver and bystanders still have to be able to deactivate 
the system, regardless of the battery management system’s state. 
2.6  Battery container requirements 
According to the rules of the competition, the battery container has to be mounted 
in the car in a secure way and chemical spill protection towards the driver is also 
necessary. As the container needs to be ventilated to prevent unnecessary risks 
from malfunctions that might cause overheating or venting of battery cells [10], 
this leads to the need to direct the airflow from the battery around the driver’s 
seat and not use one common air supply channel for both. 
2.7  Battery management and control 
As discussed in Section 2.4, there is a need of a system able to monitor each 
parallel cell. Besides that, it needs to monitor temperature of the cells, the current 
flowing through the battery pack, control the cell balance of the cells in series 
and, as discussed in Section 2.5, whether the system is connected to the car’s 
power line at all, through the help of a circuit breaker.   
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2.8  System environment 
Air resistance and weight simulations using design software and books [4] [5] 
provided general information on the different aspects of the construction of solar 
cars. Mainly power consumption calculations based on mechanical and fluid 
dynamic properties were used. The specifications of the operating electrical 
components in the car were taken from their respective datasheets. In 
combination, this data allowed to analyse the supply requirements from a battery 
system to be suitable for this event. 
These results allow the calculations of the corner values required from the system 
in general, for example: Peak battery voltage depending on maximum supply from 
the solar panels and maximum supply to motor and DCDC. Taking the 
specification of the battery cells · # of cells in parallel allows the calculation of a 
maximum charge respective discharge current. The base energy consumption 
can be calculated from the consumption of constantly running subsystems like 
telemetry or safety systems. The peak temperature for the system can be derived 
from the various datasheets of components. Based on this, the actual system has 
to be designed and the management system has to be calibrated to it.  
2.9  Conclusion 
As Li-Ion battery packs for vehicles are as of today almost exclusively used for 
professionally built electric and hybrid cars, which are as well a relative novelty, 
not many detailed sources are available on how to control more than small pack 
sizes used for radio-controlled toys (e.g. planes, boats) or power tools like 
cordless drills. Trying to find sources for “do it yourself” built electrical vehicles 
able to carry a human almost exclusively use regular 12 V lead acid car batteries 
for their lower price, availability and simplicity. The bigger Li-Ion systems used in 
professional electric and hybrid cars are specially designed, mass produced 
systems explicitly designed for their respective usage. This situation leads to a 
search for control systems with a higher flexibility that is adjustable exactly to the 
requirements. The alternative, designing a completely self-made control system, 
was considered as being too time demanding giving the time frame until the 
event, especially in regards to essential system tests. Chapter 3 will therefore 
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discuss the design for the battery configuration and the battery management 
selection.  
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3.  Battery system configuration   
With the background and requirements discussed in Chapter 2, a cell type has to 
be selected and configured. For the search of available management systems, a 
website for BMS for Li-Ion batteries [6] turned out to be the most useful source, 
incorporated by consultants for such kind of systems, with collected information 
on available systems that in most cases not even the manufacturer supplied. 
Their offered BMS selector gave a good overview of the capabilities of available 
systems and further information about the design of bigger sized packs [24]. 
3.1  Cell selection 
The cells selected are NCR-18650A of the NNP series by Panasonic [9], as they 
have the highest capacity per weight ratio of all Li-Ion cells available to the 
project, at more than 68 Ah per kg. One of their advantages is that they have a 
lower cut off voltage and Vmin of 2.5 V instead of the typical 3.0 V of most current 
Li-Ion cells and other passive safety features. For example, protection against 
overheating even if an internal short circuit occurs [25]. Even though in theory 
bigger prismatic cells would be more effective as their chemically passive surface 
to chemically active content ratio would be better, these smaller cells have the 
advantage of being more common, a necessity as even common kind of cells like 
this one are problematic to obtain in South Africa. Another reason against both 
big prismatic and the other available kind of battery cell, pouch form, is that both 
would be a big undividable unit; a light cell is needed for fine adjustments 
necessary to get as close as possible to the maximum cell weight, allowing to 
compensate the worse capacity to weight ratio. 
Heavier cells would not only lose most of their capacity to weight ratio advantage, 
but besides that are as well harder to place into a design that will require high 
flexibility to fit into its assigned space within the solar car.  
The selected 18650 cell type is usually used as a combination of six or nine cells 
in laptop battery packs; there are often models with lower capacity selected. At 
65.2 mm ∙ 18.6 mm nominal dimensions, they are just slightly bigger than the 
common household’s AA batteries. For industrial quantity orders, they come in 
packs of 30 cells. Such a pack and the cell itself can be seen in Figure 3.1. 
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Figure 3.1: Panasonic NCR-18650A 
3.2  Cell configuration 
As discussed in Section 2.3, at the time this design had to be done to be able to 
finish the production of the completed pack before the event, the outdated rules of 
the SASC 2010 had to be used. As these rules stipulate mmax,old = 25 kg as 
battery cell limit, the following outline is based on it. The adjustment to cope with 
the discrepancy is discussed in Section 5.10. 
As the Panasonic NCR-18650A cells weigh only 45.5 g, with the weight limit 
mmax,old of 25 kg for the complete pack, up to 549 cells can be used. Cells placed 
in series add up to a voltage, while cells in parallel increase the available current 
and electrical charge. 
The motor accepts a maximum input voltage of 70 V – 150 V [26], so with the 
cells’ minimum voltage of Vmin = 2.5 V and a maximum of Vmax = 4.2 V, a lower 
limit of 28 cells and an upper of 35 cells could be placed in series. This lead to a 
maximum of 19 and at least 15 in parallel to take full advantage of the allowed 
weight for the active cells, as each parallel line has to contain the same amount of 
cells to keep the cells balanced. If one line would contain less, the same energy 
would be drawn from fewer cells, leading them to lose their charge earlier. As 
soon as the first cell falls below its Vmin, the whole battery pack has to be 
deactivated, rendering the remaining energy of the others unusable. Therefore, 
the whole pack would be limited to the smallest parallel line.   
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Comparing the resulting weights for multiple configurations as shown in Table 3.1, 
two were found more suitable, that is 32 x 17 and 34 x 16 for in series x parallel. 
Those are the configurations that get the combined weight of the cells the closest 
to mmax,old = 25 kg, both to 544, resulting in 24.752 kg and only 248 g short of 
mmax,old. With a fixed power to supply and P = U ∙ I, the higher the cell voltage and 
for that the number of cells in series, the lower parallel cells and the current can 
be. Lower current allows the reduction of the cable diameter [27] and with it the 
reduction of the weight of one of the passive components, which is not storing 
energy. This consideration leads to the selection of 34 cells in series as the 
configuration according to the SASC 2010 rules. 
Table 3.1: Possible cell configurations 
Number 
series [#] 
Max 
voltage 
[V] 
Max number 
parallel [#] 
Total 
weight 
[kg] 
Typical 
voltage [V] 
Energy 
storage 
[Wh] 
35 147.0 15 23.8875 126.0 5859.00 
34 142.8 16 24.752 122.4 6071.04 
33 138.6 16 24.024 118.8 5892.48 
32 134.4 17 24.752 115.2 6071.04 
31 130.2 17 23.9785 111.6 5881.32 
30 126.0 18 24.570 108.0 6026.40 
29 121.8 18 23.751 104.4 5825.52 
28 117.6 19 24.206 100.8 5937.12 
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An overview over the possible configurations regarding the weight for the battery 
can be found in Table 3.2. 
Table 3.2: Battery dimension selection 
  28 29 30 31 32 33 34 35 
13             20111.03   
14             21658.0   
15 19110.0 19792.5 20475.0 21157.5 21840.0 22522.5 23205.0 23887.5 
16 20384.0 21112.0 21840.0 22568.0 23296.0 24024.0 24752.02 25480.01 
17 21658.0 22431.5 23205.0 23978.5 24752.02 25525.51 26299.01 27072.51 
18 22932.0 23751.0 24570.0 25389.01 26208.01 27027.01 27846.01 28665.01 
19 24206.0 25070.51 25935.01 26799.51 27664.01 28528.51 29393.01 30257.51 
20 25480.01 26390.01 27300.01 28210.01 29120.01 30030.01 30940.01 31850.01 
 
All values in gram 
cells placed in series in rows 
cells placed in parallel in lines 
 
Old limit (SASC2010):  125000 g, exceeding coloured red 
 
2Closest to limit coloured grey 
New limit (SASC2012): 
  
321000 g, biggest allowed and possible with 34 cells 
 coloured green 
3.3  Selection of battery controller 
As the development of a battery management system from scratch would require 
quite extensive testing to assure its appropriate reaction to the different possible 
events in all situations, this was considered inapplicable by the project 
management of the VWSA-NMMU Solar Car to be done in the time before the 
event. On the other hand, as this system has to control more voltage than the 
relatively common available systems that are meant to control substitute Li-Ion 
cells used instead of 12 V, 24 V or 48 V lead acid cells typically used, there was 
the need for a system that can be adjusted to a higher grade. Besides this 
variability regarding number of cells, requirements for the BMS were amongst 
others: support for Vmax = 4.2 V lithium cells with cut-off at Vmin = 2.5 V instead of 
the typical 3.0 V, CAN communication for control of and through other 
components of the car, balancing of the cells, support for a safety contactor to 
disconnect in case of failures, and temperature monitoring. 
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As there are no systems of this variable kind available for sale in any store that 
sells Li-Ion cells and equipment in South Africa to the public market, the scope to 
find a suitable system had to be changed to international manufacturers. But even 
there, the available systems were mass produced, fixed amount of cells solutions 
in all stores that would deliver to South Africa that were found in extensive 
search.  
In the end, an online BMS selector [6] made available by employees of Elithion 
Inc. lead to two promising solutions: United Kingdom based REAPsystems’ [8] 
and Denmark based LiTHIUM BALANCE’s [28] solutions. The first offers 
management controllers to directly monitor the cells and to communicate amongst 
and with other components over CAN, while the local monitoring units (LMU) of 
the latter communicate with a battery management control unit (BMCU), which 
communicates over CAN. 
 
Table 3.3: Comparison of selected BMS solutions 
 REAPsystems LiTHIUM BALANCE’s 
max Cells per unit 14 8 
LMU max per BMCU - 32 
# of needed PCB 
(for 34 cells) 
3 5 
BMS unit price 
(in ZAR 23.04.2012) 
5741.04 980.95 
BMCU price 
(in ZAR 23.04.2012) 
- 2478.20 
Combined controller 
price 
(in ZAR 23.04.2012) 
18588.84 7382.98 
Software 3540.73 13423.60 
Discount -4305.78 - 
Free support Yes No 
Total 18279.02 20806.58 
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With the help of Table 3.3, REAPsystems were selected for offering the cheaper 
solution and besides the offer for free support, replied quicker and more 
accurately to questions raised before committing to any solution. In addition to the 
price above, the price for a current sensor, temperature probes and the shipping 
fees had to be added, totalling all included at ZAR 19998.81. 
3.4  Battery controller architecture 
REAPsystems’ latest iteration is the BMS 14CR, a battery management controller 
that at only 130 g [29] with casing can monitor between four up to fourteen Li-Ion 
cells by measuring their voltage, current and temperature [30]. The voltage is 
measured by the difference of potential; current can be measured by two inputs 
per controller, any combination of Hall Effect sensors and shunts possible, and 
the temperature with seven inputs adjusted for negative temperature coefficient 
thermistors with 10 kΩ @ 25 °C [31]. As discussed in Section 3.3, three 
controllers are needed to monitor all 34 cells. With the three controllers 
communicating via CAN 2.0A at 500 Kbit, flexible current measurement with a 
single sensor on one of them is sufficient, while the in total 21 temperature probes 
are necessary to not trigger the hardware safety layer of the controllers. This 
safety layer ensures cell safety even when a software error occurs or the user 
configured it erroneously, by deactivating the system when values are reached 
that are even out of special types of Li-Ion cells. Within this safety layer’s 
limitation, the user can set thresholds specified to the application and cell type. If 
the CAN communication fails, the user thresholds are exceeded or the hardware 
safety layer is triggered, all relays on the controllers are opened. For example, 
when a cell voltage drops too low, only an energy consumer can be disconnected 
or when the cells heat up too much, a fan can be connected or triggered to start 
cooling. To do this the controllers incorporate two DPDT, each can switch 
1 A @ 30 V used for circuit breaking, three isolated digital outputs standard set 
for cooling, nothing and heating and two PWM outputs, to limit charger respective 
consumer supporting this. The controllers also have three digital inputs to signal 
ignition, whether a charger is connected and an unspecified third. Figure 3.2 [30] 
shows a typical setup using those connections with a single controller. 
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Figure 3.2: Typical battery system using REAPsystems 
If multiple controllers are used like in this case, all communicate via CAN, which 
requires determination of the master controller and the subsequent controller 
order, as otherwise the controllers would have either the same identifier or would 
be unknown to each other. To share an identifier is not permitted with the CAN 
protocol, as the arbitration to select the next transmitting node would succeed for 
both and different message contents would trigger the CAN error handling, 
ultimately leading to controllers switching into a listening only mode [32]. To solve 
this, the controllers are started in sequence while still in a “virgin state”. When 
other controllers are found on the CAN, they subordinate to them and increase 
their address by a given offset.   
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While active, the voltages of the individual cells are monitored in relation to the 
temperature. This sets the current disconnect voltage for discharging the battery 
as seen in Figure 3.3 [33]. Similar considerations are also used for the charging 
and determination of the SOC, which uses the cell voltage for correcting drift 
when calculating via coulomb counting. 
 
Figure 3.3: Determining discharge cut-off depending on temperature 
With neither ignition nor charger input activated, the battery management 
controller changes to an equalisation mode. If any cell’s voltage difference to the 
lowest cell voltage is larger than a user-defined value and the cell is above a user 
given threshold, its power is dissipated until either the threshold is reached or the 
cells are all balanced. If no balancing is needed and neither the charger nor the 
ignition input is activated, the controllers switch to a sleep mode. While in active 
mode, the power required is 1.2 W per controller, 0.03 µA at connected cell 
voltage when sleeping. This power is directly taken out of the cells connected to 
the respective controller. 
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Figure 3.4: REAPsystem's PCB layout with all major connections 
Most of the connections on the controllers are achieved through dual-row pin 
header type connectors, which can be acquired through REAPsystems as well, 
permitting the use of custom coloured and diameter wires crimped to the 
connectors. The most important connectors and their functions can be seen in 
Figure 3.4 [31].   
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3.5  Safety circuit design 
As the SASC 2012 rules specify, the battery pack has to be sealed and is 
impounded every night while the competition takes place [10]. This seal requires 
the battery to be controllable from the outside in different situations, as it was 
clear there would be no easy possibility to access the pack physically without any 
penalty. Besides this, the standard case requiring access is the monitoring of the 
cell’s charge and their temperature and commands needed for operation like the 
ignition signal committed while the battery pack is mounted in the solar car, 
inaccessible by hand. Furthermore, the operator has to be able to have the 
contacts to the battery pack switched off in the case of emergency or as well the 
BMS if it detects any state out of the acceptable range. This might be a 
connection loss of the monitoring wires, a completely charged or discharged 
battery, over temperature, or by the operator manually through emergency switch 
offs. To be able to do this from the outside, a circuit had to be designed that 
permits this and is protected against failure out of itself, not for example keeping 
the main power connectors active on the battery container when it is removed 
from the car or in other non-operating states. On the other hand, this system has 
to be designed to not drain the battery overnight or to have too high consumption 
while driving as well.  
The safety circuit in Figure 3.5 shows the resulting design for the circuit used for 
this project, including the relays controlled by the battery management system, 
the ignition switch for the driver, the safety switch for the driver and the safety 
switch on the outside, accessible for bystanders. Other features of this circuit are: 
 Power supply disconnect 
It also allows the battery management system to disable the power supply 
contacts of the maximum power point trackers, preventing them from 
outputting the photovoltaic gain to the system that otherwise could overcharge 
the battery cells. 
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Figure 3.5: Safety Circuit 
 Normally open contacts 
The safety circuit takes account for all necessary safety features according to 
the SASC rules that includes the ability to disconnect the batteries by a hard 
switch, meaning software failure cannot prevent a user from disconnecting it. 
To achieve this, all safety related relays have to be normally open, that means 
energy is necessary to keep them closed and the battery connected. 
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Through that, any interruption of their power supply brings the system in a 
safe state. This line has a safety switch in and outside of the car. 
 Secondary battery to start system 
On the other hand, the problem with this approach is the initial start of the 
system. As the relays need to be powered, but the source might be only the 
battery or the panels that are at the start still disconnected, a third energy 
source is needed. This can be a secondary battery or capacity, not driving any 
other system but those relays. As the SASC 2012 rules require any temporary 
storage device, that includes capacitors, to be discharged at the starting line, 
this has to be a battery counted into the overall weight of the battery pack. To 
keep it as small as possible, this secondary battery has to be only used at 
starting time, and replaced by the main battery or solar power as soon as in 
the running state. 
 Secondary battery limitation 
To enable the system to do so, diodes were integrated that allow the car’s 
12 V system to power the relays, but the secondary battery is prevented from 
powering anything other than them, as for example lights and telemetry could 
drain it as well while the system is switched off. 
3.6  Conclusion  
Panasonic NCR-18650A cells were selected for their high energy density, and a 
configuration reaching desired voltages as close to the allowed maximum cell 
weight was found. With their Li-Ion chemistry being fragile, a BMS had to be 
analysed and chosen. Its features had to be combined with circuitry to protect the 
system. 
After the selection of cells, their configuration, BMS selection and its required 
safety circuitry, the modules containing the battery cells, their connections, the ir 
mounting and the battery container need to be designed in CAD software 
incorporating the findings. This has to be done within the constraints of the 
available space to fit into the solar car. It then has to be realised using a mix of 
CNC tooling, injection moulding, spot welding, 3D printing and punching with 
different kinds of plastics, nickel sheets, copper plates and composite materials, 
which Chapter 4 discusses.  
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4.  Battery pack design 
To place all cells in a pack according to the discussion in Section 3.2, cells need 
to be grouped in a practical manner. These groups then are designed in a way 
they can be fixed electrically to each other and mechanically to a battery 
container while fulfilling the space constraints applied to the container to be 
mounted in the solar car. 
4.1  Battery module design 
Even though replacing cells will result in a punishment that is most likely a time 
penalty, it is necessary to be able to replace parts of the battery in the case of a 
failure or damage to a cell, may it be due to flaws in manufacturing, design flaws 
reducing life expectancy or damage from outside, for example due to 
mistreatment of the battery box. This is especially important as a single failure in 
one of the parts might lead to a deactivation of the whole pack by the battery 
management system that should not be bypassed for safety reasons. 
To be able to replace the faulty battery cell, either more than one complete 
battery pack has to be produced with the exact same specifications and 
dimensions or, as the more economical solution, parts of the battery pack have to 
be replaceable. This on the other hand requires a design that permits 
replacements and requires identical modules, so that different positioned modules 
can be substituted by the same replacement module. It was decided to define 
these modules as the integration of all electrically parallel cells, as they can 
already be seen as virtual cells to the BMS. 
The additional constraints for doing replacement modules were considered 
worthy, as failures of low percentages of cells have less impact on the overall 
performance that way. Failures were expected due to the lack of time for proper 
testing and iterations of the solar car design, especially as this was the primal 
project of this kind within the NMMU and for all team members. If an assumed 
5 % of the modules would fail over the time of the event due to manufacturing or 
design issues, this would mean 1.7 modules within this 34-module battery pack or 
1.7 complete packs are needed over the course of the event, depending if 
modules are replaceable or not. For this, either two replacement packs, that is 68 
modules or two replacement modules are necessary. 
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Besides that, packs would require their own battery management system, 
contacts etc. that would exceed the available budget. In addition, the penalty for 
replacing battery cells while the event is depending on the number of cells 
replaced, which gives an additional advantage to replaceable single modules. The 
reductions of the time and financial loss of replacing modules instead of the whole 
pack could further be applied to the modules themselves by making single cells 
replaceable, but was considered too complicated to do, heavier and taking up too 
much space, as it would have required mountings for each single cell physically 
and electrically. 
 
Figure 4.1: Battery module retainer 
For fitting multiple cells together in parallel and still keep them removable from 
the pack, there is the need for a retainer, allowing them to be handled as one 
from the outside, while still allowing airflow to keep the individual cells cool.  As 
the cells have no mounting points, holes or similar, this retainer has to clasp the 
cells. The design in Figure 4.1 shows the final design that fulfilled these 
requirements while not taking up too much space along the cells, which was 
necessary due to a lack of space as further discussed in Section 4.3. To do this, 
most of the retainer is around or between the cells, only extending the cells by 
1.5 mm on each terminal’s side, which is less than a 5 % increase in length. 
Cell 
retaining  
Mounting 
extension 
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The used material for these modules needs to be as light as possible, with low 
thermal expansion and electrically insulating. 
 
Figure 4.2: Design of battery module 
 To maintain this minute increase in length, a flat electrical connection for the 
parallel cells to put modules in series had to be designed, that allows them to be 
handled electrically like a single cell, which leads to a common plate for the entire 
positive and one for the entire negative contacts of one module as seen in 
Figure 4.2. The common contact plates are made out of thin nickel C201 with 
properties as shown in Table 4.1 [34], as the contacts on the 
Panasonic NCR-18650A are nickel as well.  
Contact plate 
out of nickel 
Battery 
contact 
Bus bar 
connection 
point 
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Table 4.1: Nickel C201 properties 
Physical Properties 
 
Comments 
Density  8.89 g/cc  
Mechanical Properties 
 
Comments 
Tensile Strength at Break  >= 379 MPa  
Tensile Strength, Yield  >= 82.7 MPa @Strain 0.200 %  
Elongation at Break  >= 40 %  
Modulus of Elasticity  75.2 GPa torsion 
 193 GPa Tension 
Poisson’s Ratio  0.29  
Electrical Properties 
 
Comments 
Electrical Resistivity  0.0000118 ohm-cm  
Curie Temperature  360 °C  
Thermal Properties 
 
Comments 
CTE, linear  13.0 µm/m-°C  
@Temperature 27.0 - 100 °C 
Specific Heat Capacity  0.4535 J/g-°C   
@Temperature 0.000 °C 
Thermal Conductivity  60.7 W/m-K  
@Temperature 27.0 - 100 °C 
Melting Point  1435 - 1446 °C  
Component Elements Properties 
 
Comments 
Carbon, C  <= 0.020 %  
Copper, Cu  <= 0.25 %  
Iron, Fe  <= 0.40 %  
Manganese, Mn  <= 0.35 %  
Nickel, Ni  >= 99 %  
Silicon, Si  <= 0.35 %  
Sulfur, S  <= 0.010 %  
The bent down “fingers” of the plate are to be spot welded onto those contacts, 
while the plate itself is exposed to neighbouring cells. The two bent extensions on 
the outside allow the connection of a bus bar and the securing of a connection to 
the battery management system. The bus bar prevents quick disconnects under 
load between the battery modules creating sparks. The modules are designed in 
a way that the battery cells still have a slight gap in between them, keeping the 
airflow within the module possible, while only slightly more space is used towards 
the sides. 
 35 | P a g e  
 
4.2  Battery module mounting 
For mounting the modules within the battery container, there is the need for 
connection points on the cell-retaining module, to not transfer forces through the 
actual cells. To do this, “wings” were added to the module’s sides, allowing the 
alignment of the cells with a rod that is also fixed to the container by passing 
through mounting points on it. As of limited space to fit all 34 modules into the 
container, two layers of two strings in parallel of them are necessary. To mount 
the upper layer, either a second floor is required within the container or otherwise 
the modules must be able to support other identical modules on top of each other, 
in a way that prevents shifting. As the second floor option was considered too 
cumbersome to use as the installation of the battery management system might 
interfere with it or removal of cells could get too complicated, a second set of 
wings was added to the top of the modules with notches exceeding the 
dimensions of the module and able to lock into the bottom of other modules. That 
way, the modules combined need only protection against placing too much force 
on the bus bars, moving sideways or lifting up as a complete package. 
Similar to the bottom fixation, rods are used, but this time passed through either 
the top of the bottom modules or the bottom of the top ones and also through 
connection pieces with one hole for each top and bottom layer, which prevents 
the modules from moving anymore, building joined strings assembled into the 
complete pack as shown in Figure 4.3. Rubber is placed below the bottom 
modules for a basic reduction of vibration. 
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Figure 4.3: Battery modules combined into strings 
4.3  Battery container design 
The battery container has to fulfil multiple needs. First, it has to electrically isolate 
the battery packs from the rest of the car in a way that only through the defined 
contacts electrical power can be transmitted, and those contacts can be 
deactivated removing any harm posed by the container from direct touching. 
Second, it has to give the base for a stable battery pack mounting within the solar 
car, so that the car and battery pack are unable to lose connection to each other 
or their other connected components like the safety circuit and power line, while 
still enabling the operators to remove it completely from the car within short time. 
Besides this, the box has to be built in a way it permits airflow to cool the 
batteries and as a first barrier to a possible battery fire. 
To reach these goals, the container will be built out of nonconductive glass fibre. 
The glass fibre will be glued with aluminiumtrihydroxide (ATH) filled resin. While 
resin with ATH is harder to apply, it has the big advantage of being fire resistant 
to a significantly higher degree and does not burn anymore by itself as opposed 
to regular resin [35]. Glass fibre is incombustible as well, which limits a battery 
fire to only be able to spread through openings necessary for airflow, and not be 
an accelerant in any way. The design to this point is depicted in Figure 4.4. 
Connection 
pieces 
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Figure 4.4: Battery container design 
For electrical resistance, neither glass fibre nor the resin is conducting, ensuring 
the battery container from shorting battery modules and with that another possible 
cause of fire. 
The battery container is mounted in a guide system into the bottom of the car, 
allowing its removal only into one direction. By that, only the securing on one side 
has to be removable, making the removal process easier and quicker, while 
increasing safety in the other directions, due to permanently fixed mountings less 
likely to give way.   
Fan 
mountings 
Handle to 
pull out of 
solar car 
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4.4  Project management 
As it was clear from the start of this part of the overall VWSA-NMMU Solar Car 
Project in February, that the time frame to implement a battery pack and safety 
circuit would be incredible tight, especially in regards to the lack in knowledge of 
the members of the project in the basics of battery design, as well as in regards to 
constant updates and adjustments to the actual solar car that builds the platform, 
with the final design of the car’s design not finished yet. Therefore, the first 
priority was to get a base set to allow the start of design and manufacturing and 
setting constraints for further adjustments of other components of the car that 
might interfere. The general design phase was done within several weeks, but on 
a lower level had to continue until the start of assembly, to cope with all 
adjustments necessary or suggested to the overall car from other sides, for 
example requirements of team members or SASC rule changes - those were not 
predictable but also not avoidable deviations from the initial concept. For this, the 
battery and safety system design had to have as much flexibility in regards to 
changes before as well as after manufacturing as possible. As the selected 
components were partially only available overseas, due to transport and customs 
the actual manufacturing and assembly time had to be moved closer to the 
completion date than desired. An overview of the scheduling can be seen in 
Figure 4.5. 
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Figure 4.5: Gantt chart of research activities 
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4.5  Implementation aspects 
For building the battery pack as designed, multiple steps had to be completed. 
This required material sourcing, manufacturing process selection and tool 
sourcing. As multiple technologies intended to be used were not available within 
the project, as well as often not even in the surrounding university environment 
through personal contacts, these had to be found with external experts. Similar to 
this, solutions and possibilities for material processing needed to be found for all 
components before the design could be approved and realization could begin, 
otherwise risking wasted funding and time by pursuing irresolvable issues.  
4.6  Module printing 
As the only unchangeable component from the beginning of the design was the 
type of battery cell, the modules containing the cells were constrained to support 
them and needed to allow to be assembled with the cells without having to use 
force or heat on the cells, as well as not leaving them in a situation of too little 
space for ventilation and expansion while in use. Besides this, a full size model 
was requested for representative purposes towards project partners, sponsors 
and visitors and to see the feasibility of the design. As the battery modules 
require an electrically insulating material, as light and rigid as possible while still 
being processable, plastic without further specifying at this point was selected. 
Ideally, a material similar to the one used for the final modules should be used for 
this prototype/model.  
With only a single module needed and 3D printing technology available at the 
university, this method was utilised. The available printer was a Dimension Elite 
rapid prototyping device as shown in Figure 4.6, using ABS plastic, a 
thermoplastic material [36]. The advantages of it was easier manufacturing 
compared to the alternative, a CNC cut module from a block of plastic. It was 
already available and did not require any special programming, as the 3D 
printer’s software could directly utilize the CAD models exported into its format 
without manual adjustments. 
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Figure 4.6: Dimension Elite rapid prototyping device used for 3D printing 
On the other hand, the process took three hours for one module half, required the 
disposability of the printer, and had a relative high price regarding higher quantity, 
as the cost was based on material cost and processing time, which is linearly 
dependent on the number of pieces produced (in this case, ZAR 285,30 per 
module half at university). However, its purpose, having an early on available real 
size model for evaluation and display, was achieved.  
4.7  Module injection moulding 
Due to the disadvantages of 3D printing discussed in Section 4.6, alternatives for 
the manufacturing of modules needed to be compared. As there are 34 modules 
needed for the battery pack, each consisting of two identical mounting pieces and 
an additional number of replacement modules needed, about 80 pieces are 
required in total.  
With 3D printing, this would add up to more than ZAR 22000 when using the in-
house possibilities. Further, the process would require a net manufacturing time 
of about ten days with the single printer, excluding the time losses when manually 
removing finished pieces and the issues of occupying the machine for such a long 
period. Hence, it was therefore considered inapplicable.   
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In regards to run time and manual work necessary, CNC production is even 
worse, as the machining requires mounting of each piece in multiple positions, 
and readjusting so that all machining matches up. This process is likely to take 
even more time and produce defective goods that need to be identified and 
discarded. 
Another alternative, injection moulding, solves those issues with a higher price of 
tooling cost but by simplification of the module design for a lower unit price. 
Injection moulding works by melting granules of thermoplastic material and 
injecting it at high pressures into a mould, where it cools and then is released by 
opening the mould [37]. A schematic of this process is seen in Figure 4.7 [37]. 
 
Figure 4.7: Injection moulding model 
Injection moulding has the advantages of: 
 Higher output rates. Production takes seconds per piece compared to 
minutes to hours with machining. 
 Smaller tolerances. If the first one is satisfactory, output stays the same 
until the mould deteriorates after several thousand pieces. Machining 
would require realignment. 
 Very low post production work. As production quality is more stable and 
complex features can already be included, less inspection and manual 
work is required. 
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On the other hand, other issues occur from this manufacturing technology: 
 Longer, thin features require higher temperatures and pressures to inject 
properly into the mould before cooling off too much. That significantly 
affects the injection component demands, how high the material quality of 
the mould needs to be and how often the process can be done before the 
mould needs replacement. 
 The design and machining of the mould places a high initial effort and cost, 
as for example holes perpendicular to the base of the mould allow a two-
component mould with a pin on one side to produce, while a hole in parallel 
to the base would require a pin removable from the side to release the 
piece, therefore a three-component mould and so on, requiring to by 
aligned and operated synchronous. This further increases the complexity of 
the mechanism of the moulding machine 
The module side, as shown in Figure 4.1, requires thin triangles to mount the 
battery cells, this setting a high requirement on the mould quality. This can be 
achieved by using higher pressures inserting, and therefore harder material to 
contain the mould. To reduce tooling cost and as well the finer structures that 
would make it even harder to inject into, the complexity of the mould needed to be 
reduced by simplifying the module. This was achieved by adjusting the design so 
the smallest radiuses at 1 mm to 3 mm were not needed anymore, but the 
smallest left were at 4 mm. As CNC flutes able to create a smaller radius need to 
be thinner, they break more easily which leads to them only being used preferably 
on places where there is no alternative and overall no smaller than necessary is 
used. With that adjustment of increased radius sizes, the number of tools for 
machining the mould was reduced and therefore it is expected that there would 
be less quickly outworn tools. Besides this, mounting holes for the bus bars at the 
module sides vertical to the moulding direction were removed, to be entered 
manually at a later stage. To cope with thermal contraction while cooling, the 
mould had to be slightly adjusted off the module’s size at multiple points  [38]. The 
mould prepared design can be seen in Figure 4.8. 
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Figure 4.8: Simplified module side for moulding 
The actual mould was subsequently created as a negative to this design, and is 
shown in Figure 4.9. While the mould design and manufacturing was done at 
university in the machine shop to reduce cost, moulding had to be undertaken in 
the industry due to the lack of equipment. This whole process including the mould 
creation was significantly cheaper than the other methods considered. To create 
a mould that can be opened and closed, the design for it had to fulfil the 
requirement criteria given from the industry. This includes it to be made out of two 
half “shells”, which have alignment holes in the corners, the negative case slightly 
tighter than the positive, allowing to press fit pins into it to align both halves.  
 
Figure 4.9: Injection moulding case negative 
Alignment 
holes 
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For the positive side, holes were needed that allow the mounting of the actual 
injection points, which protrude as far as the required battery intrusion into the 
actual module. Within these mounting holes, a smaller channel is passing through 
to supply the injection points with thermoplastic material. With the injection pins 
supplied, only the mount for it could be manufactured at the university, as seen in 
Figure 4.10. 
 
Figure 4.10: Injection moulding case positive 
The material used for the actual module sides was nylon (a polyamide) as a 
relatively cheap, electrically insulating and light material that was injected at 50 
atmospheres of pressure to achieve the desired shape. To be able to mount bus 
bars to the modules later on, the holes for their screws were drilled with a drill 
press on a wooden module mount, to position these screws at the right spot and 
angle without harming the inserted battery cells. 
4.8  Nickel sheet cutting 
Electrical conductivity has to be achieved to obtain a fully working module. As the 
modules consist of multiple individual cells, to this point insulated in its polyamide 
structure and as those cells, as discussed in Section 2.4, need to be joined 
together in between the modules to cope with failures of single cells or the 
connections thereof, a connecting conductor needed to be designed. Due to lack 
of space for the completed battery pack in the battery container, this joining 
contact is ideally not only joining all cell terminals of one module but linking the 
Injection pin 
guidance 
Alignment 
holes 
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neighbouring modules electrically as well. This reduces the space and weight of 
the system, as an extra conductor and connection mechanism is avoided. 
With the modules designed to be removable, flat areas touching the adjacent 
modules were already available. As this surface is significantly bigger than the 
contact terminals of all individual cells within one module, the design had to be 
focussed on achieving the performance to support the maximum current 
expectable in connection between this contact plate and the individual cells. At 
this point, knowledge from the solar car team of Stanford University about the 
required nickel and its thickness was acquired, as no nickel plate less than 1 mm 
thick was available for testing via the team’s contacts in South Africa directly and 
as Stanford’s design had similar requirements for the contacts. 
As the exact nickel alloy of the cell terminals was not released by Panasonic, 
which would have been the ideal contact material to obtain compatibility, the 
decision was made to reduce the risk of encountering unexpected issues by using 
the same material as Stanford, which was considered necessary especially 
regarding that any nickel alloy was not available at our source, but needed to be 
ordered from abroad which the time frame did not allow to be done. 
The nickel type showing the best properties for use as the contact material was 
C200 or C201, commercially pure nickel with the C201 being a restricted carbon 
version of the C200. Both nickel alloys are beneficial, as they have a good 
corrosion resistance and creep strength [34], both important in the environment of 
an air cooled battery pack within a car that is exposed to vibrations and shocks. 
For the calculation of the required exact thickness, the material properties of 
C201 with the maximum expected current per cell (1 A) and the contact 
dimensions to reach the cell terminals was used (5 mm wide, 4 mm to 7 mm 
long). As the literature for cable current ratings only contains aluminium or copper 
as conductors, but general conductivity of nickel compared to those was available 
and DC used, the calculations for required cross-section were used adjusted by 
the materials conductivity. With ratings from the IEC 60364-5-52 norm which 
refers to insulated electrical installations in buildings, aluminium is about four to 
five times more conductive than nickel and can conduct about 15 A at 2.5 mm² 
[39]. Assuming the conductivity ratio to be linear with direct current, 3 A could be 
transferred at the same diameter out of nickel. 
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Although the shape of the contacts are not round, this is significantly more than 
what would be needed and even at thickness of the nickel plate of just 0.2 mm, 
the cross section would be still sufficient. Contacts to Stanford University’s Solar 
Car team, having collected years of experience with nickel contacts in battery 
packs, suggested to use only 0.1 mm thick contact plates in our case, but did not 
supply the calculations or experimental data and therefore were discarded. 
Intensive search for nickel sheets below 0.5 mm showed issues acquiring any 
thickness locally at all, so available import had to be selected, with the only 
possible candidate at 0.254 mm. As this was exceeding the results of the 
requirement calculations available, this sheet was selected. Even though nickel 
itself, even at this purity, is relatively cheap, locally mined [40] and available in 
block form in South Africa, the sheets had to be imported from overseas, which 
set the expense for them at ZAR 12000 for a 12 m long sheet with 130 mm width, 
much higher than the initially anticipated sum. 
To process it, a way had to be found to get it into the required shape. Four 
possibilities to do so were considered, of them CNC machining and water jet 
cutting were too fierce for cutting the nickel without ripping it apart. Laser cutting 
was not available as there were no options available supporting to cut at such low 
sheet thickness. As the fourth option, a punch and die system was considered 
and eventually selected. As this technique uses shearing instead of cutting or 
burning, the material aside from the actual edge of the outline is less stressed. 
Furthermore, punching is a relatively cheap and quick manufacturing process 
[41]. On the other hand, the punch and die need to be of high quality to not jam or 
get unaligned, which would lead to increased tool wear [42] and subsequently its 
destruction. Another issue requiring high accuracy is possible bending at the 
sheering edges. Especially the contact points to the terminals of the cells are 
critical, as this point has the highest current to conductor diameter. If the edges of 
the punch out are bent here, this could lead to multiple issues. If they are bent 
away from the terminal, the contact surface is reduced, if bent towards, it might 
even lead to the terminals only touching those edges and therefore significantly 
reduced contacts. To reduce this risk, the processed pieces were placed on the 
modules with the sheering direction away from the terminals. 
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Another risk of insufficient punch quality is that part of the product is stretched 
when this bending occurs or even might rip off. For this reason, hardened steel 
was used for both punch and die, which required carbide CNC tools to produce. 
For the same reasons as discussed in Section 4.7, this required adjustments to 
the design to reduce the costs and number of tools needed to create them. 
 
Figure 4.11: Nickel sheet punch 
Similar to the injection moulding, the punch and die need mounting holes in the 
corners; also with one side with press fitted pins to make sure the two parts do 
not get misaligned. To prevent bending, they are relatively massive with 25 mm 
thickness at 120 mm width, the functional part only extruding 2 mm on the punch 
as seen in Figure 4.11 and a 3 mm recess as seen in Figure 4.12 to leave space 
for the punched sheets to not be pressed into any residue and deform. 
Punched out 
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shape 
Alignment 
holes 
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Figure 4.12: Nickel sheet die 
To remove the punched sheet and slugs, small holes are drilled into the recessed 
surfaces, easily seen in Figure 4.12. The high punch and die quality lead only to 
minute bends at the edges without harming the rest of the surface and was 
therefore successful. 
4.9  Electrical terminal spot welding 
With the nickel sheets produced, the contact between them and the terminal has 
to be established. With the Panasonic NCR-18650A plain cell that has no mount 
to mechanically fix anything to it, only two options remain, either to physically join 
the contact to the terminal or clip the batteries in under tension. While clips would 
not only be cheaper, but as well easier to acquire and integrate, they would lead 
to the problem of arcing in this application. As constant vibrations can be 
expected while on the road, it is also the time that the biggest loads run through 
the battery system. With these vibrations, the battery contacts would be 
constantly disconnected and reconnected, which inadvertently would lead to 
electrical sparking. Eventually this sparking would then lead to the oxidation of the 
contact area, which would result in higher resistance at the contact points. Higher 
resistances would not only mean higher losses in a solar car system that is 
intended to drive on as little energy as possible, but would also introduce "hot 
spots” directly at the battery cells, wh ich also could pose a safety risk, 
Horseshoe 
punch out 
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either by directly heating up the cell chemistry, or by damaging the injection 
moulded battery cell mounts. 
For physical joints, soldering, and different welding techniques were considered. 
Their downside however is that almost all of them consider melting metal, that is 
for soldering applying molten solder, or for most welding techniques like TIG, MIG 
or laser welding, the metal to be joint has to be partially molten itself.  This would 
introduce a significant amount of energy in a position where there is very little 
thermal dissipation, and would lead to inacceptable heating of the battery cells, 
that would exceed their 60 °C limit [16] and might permanently damage them. 
With those methods ruled out, the only feasible approach was spot or resistance 
welding. While the basic principle of spot welding is relatively old, has limited 
applications and higher control requirements, it has multiple advantages for the 
connection of battery cells.  
 
Figure 4.13: Spot welding principle 
With low voltages and high currents up to over 10 kV, depending on the 
application, this process can even weld high conductive materials like aluminium; 
even easier is nickel, by feeding high currents through the connection, heating up 
the connection point, as this is the point of highest resistance, which leads to a 
weld. For this, the spot welder transforms the supplied electric energy to low DC 
voltage at high currents.  
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Older machines use the cycle time of the AC power line to adjust the duration of 
the welding that is usually in between 100 ms and 1 s, while new machines, often 
software supported, have modes that are more complex. A typical modern feature 
is multi-pulse welding: using the first pulse to “burn off” oxidised metal at the 
connection spot, as this heats up quicker due to higher resistance, and following 
pulses clamping better after each pulse. 
The typical application for spot welding is welding of sheet metal with 0.5 mm up 
to 3 mm in thickness. It is most commonly used in the manufacturing of 
automobiles where, similar to Figure 4.13 [43], pressure and current is applied 
from electrodes on each side. While this and finer adjustments possible on newer 
devices would be beneficial, there were none but one classic spot welder 
available that fulfilled the special requirements of battery spot welding. In contrast 
to metal sheet welding, the electrodes cannot be placed on the opposing sides of 
the sheets, as one is the terminal of the battery cell. Placing it on the other side of 
the battery the high currents guided through it would destroy the cell. Therefore, 
the required welder had to have an electrode mount feeding both electrodes from 
one side as seen in Figure 4.14, clamping the cells against an electrically neutral 
ground to achieve pressure. Furthermore, the welder had to be operated easily, at 
a constant weld strength and able to work with nonstandard sizes due to the 
battery mount. In addition, the transformer required finer current selection then 
most industrial versions, as the sheet thickness was lower and less conductive 
than the typical application. As the spot welder available was multiple decades 
old with no manual available, the setting dials partially hand marked, the initial 
setup for the welds had to be done in trial and error rather than with calculations. 
The first problem was that the spot welder, opposing to previously supplied 
information, was not powerful enough to work with 0.254 mm thick nickel sheets. 
As Stanford University’s supplied calculation results allowed thinner sheets than 
the given 0.254 mm, the next approach was thinning the sheets, at least at the 
spots intended for spot welding. With the sheets already punched into the final 
shape, all attempts to do that with the help of machines, e.g. a belt sander, were 
not fruitful as they ripped them apart. 
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Figure 4.14: Spot welding of nickel sheets and battery cells 
Eventually, the solution was to use hand power tools, in particular a Dremel 8100 
[44], to grind the nickel thinner as seen in detail on a welded spot in Figure 4.15. 
This was not considered an appropriate solution, but as neither a more suitable 
welder nor thinner nickel sheets were available, and even reordering new nickel if 
it would have been available would have taken too long leading to conflicts with 
the project deadline, there was no possible alternative. The manual thinning of 
the nickel sheets however might not lead only to conductivity issues, but welding 
issues as well, as the required welding power is not constant anymore with a 
varying sheet thickness. This can cause the welding process to burn off the 
contact area or, more dangerously, appear properly joined but breaking off 
eventually. 
 
Figure 4.15: Spot welding detail 
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Two welds per contact were made to reduce the risk of breaking, the contacts 
stressed by pulling them up after the welding and again after the system test 
discussed in Section 5.7. Any loose welding spot was then attempted to be 
welded again. The second issue is that even with this thinned spot weld areas, 
this particular spot welder had to be operated close to its limit, this in return had a 
negative impact on the endurance of the electrode, which had to be replaced after 
the work was done due to abrasion. 
4.10  Module side plate cutting  
With the actual modules done and capable to connect in rows, the next step had 
to be to get these rows to connect with each other. As there was very little space 
available for the battery system due to the car design, these connections had to 
be relatively small and flexible, ideally just one wire extruding the row. To achieve 
this, plates were designed to contact the nickel plate of the edging module and 
conducting to a central terminal point, where a wire could be connected as main 
lead. As the currents would increase towards the terminal point of these plates 
while no spot welding would be necessary, copper as an easier available and 
more conductive material was selected; it was also cheaper, costing only 
ZAR 480 for all required material in total. Further, as only one of these was 
necessary for each row end, they could also be made thicker. 
 
Figure 4.16: Module side case with end cover 
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For the manufacturing, the base dimensions of the nickel sheets were used with 
only minor adjustments, for example removal of the cut-outs. The terminal was 
made through extrusion and a screw tap was used to be able to mechanically 
connect the main lead. Its assembly with the plastic end cover discussed in 
Section 4.11 can be seen in Figure 4.16. Making the whole end plate out of a 
single piece of copper not only simplifies the processing, but also reduces issues 
with conductivity. 
With the simplicity of the design and unproblematic processing of copper due to 
its softness, these plates were significantly easier to manufacture than the other 
components of the project and also required no special tooling. 
4.11  Module side printing  
With significantly less end covers than modules necessary and only a 
nonconductive cover for those end plates needed to prevent electrical hazard, the 
initial costs for injection moulding would have been impractical. Nonetheless, as 
the covers have to hold the copper plates in position, they had to be constraint to 
both the copper plates and the battery cell mounts. This requires them to be 
manufactured properly, either machined or 3D printed. To join with the battery 
module, the same kind of mounting holes are extending from the cover and held 
in place by the module mounting rods. To hold the copper, the backside of the 
covers has a negative recession of the copper plate dimensions. It  can be seen 
with the copper block in Figure 4.16. 
As only thin plates of nonconductive material were needed, resulting in small 
volume pieces, 3D printing was selected as a quick and in this case cheap way, 
keeping the price for the eight required covers under ZAR 700. The alternative, to 
machine them would have required more effort in acquiring appropriate plastic 
blocks, either setting up a CNC machine or handwork, which especially at this 
point in the project was not available.   
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4.12  Battery container construction 
The battery container was made out of a board of ATH induced resin and glass 
fibre, as was the initial design, gotten in shape by cut-outs of pieces that were 
glued together with the same resin. Due to this, the battery container was not only 
significantly more flexible than carbon fibre with regular resin as used in most of 
the solar car, but even more flexible than expected. Besides the overall less stiff 
material properties, the ATH resin was harder to apply and needed longer to dry.  
With more layers added afterwards, the stability was only slightly improved, and 
so the decision was made to add carbon fibre on the outside. Even though not 
electrically isolating, all parts that any wire from within the battery could touch 
were left in glass fibre, furthermore any contact point of wire with the carbon 
would have been exposed and therefore immediately visible at any visual control 
of the pack, making it less likely to have the required two contacts for a short 
circuit over the carbon of the container or the car. 
 
Figure 4.17: Finished battery container 
For the process of inserting the battery modules into the container, it turned out to 
be advantageous to have additional space on the sides of their designated 
mounting points to position them; consequently, the locations for cooling fans 
attached to the BMS were moved to the top. To insert the battery module 
retainers and having access to the terminals at the end of each row, holes had to 
be drilled at the skewed end. To further improve the airflow, especially as there 
was no air intake from the bottom, small holes were drilled along the sides. These 
holes had no significant impact on the stability. The battery container, as it was 
used for the SASC 2012, can be seen in Figure 4.17. 
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4.13  Electrical connection 
With the electric motor used to run the solar car the maximum current is limited to 
50 A [26] by the motor, to be supplied by the joint output of battery and solar 
power. With charging the battery from regenerative breaking, solar power or 
external supplies, the current should not exceed 14.2 A either for 16 cells [9]. For 
this reason, wire rated for 50 A was selected for all high power installations in the 
vehicle. Stranded wire was preferred for flexibility reasons, especially to keep 
stress from the connections within the battery pack. To connect the module rows, 
ring terminals were attached to short pieces of this wire; those terminals could 
then be fixed to the end plates with screws and covered with insulation tape to 
eliminate the risk of electrical shock. 
No clearance at the exposed top edge of the module rows on the inclined site of 
the container promoted the connections of the terminals on this end to be 
horizontal, this leading to the other end of the rows requiring a vertical connection 
on one side, and the battery pack end terminals to be on the other. In Figure 4.18 
the battery pack internal power line can be seen in yellow, with the blue and red 
depicting the end terminals. 
 
Figure 4.18: Power line placement 
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To prevent the battery modules from disconnecting from each other within the 
battery rows, bus bars were attached to bridge the so far only pressed contact 
between two modules. These bus bars were made out of the punched out scrap 
pieces of nickel and mounted with small screws on the outside of the modules to 
the extensions of the main nickel sheets. The holes for the screws were 
deliberately placed too close together to increase the pressure on the main 
contact area. With this design, most of the current would be able to conduct via 
this pressed area, while even with disconnects the current can bypass 
temporarily. 
The connection of the negative terminal of the whole battery pack is then lead out 
of the container, while the positive first passes through the main contactor further 
described in 5.4. They both end in ring terminals on the outside, each in an 
insulated connection box, there to be connected to the car’s power line ring 
terminal by a bolt and nut. 
4.14  Conclusion 
The cell configuration selected in Chapter 3 required space saving design of the 
physical battery modules. A way had to be found to get 34 cells in series, allowing 
easy exchange while ensuring uninterrupted power supply. A module was with its 
mounting designed and a time schedule selected for the actual manufacturing 
and acquisition of the required components. The applied processing technologies 
have been described with the power line connection able to supply the solar car 
system. 
With the actual battery pack produced, the battery controllers have to be 
connected, configured to the cells, and to communicate with the outside, the 
telemetry has to be synchronised. The whole system then has to be tested and 
subsequently to be overseen at the SASC 2012 event, as discussed in Chapter 5.  
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5.  System integration and testing 
With the battery modules in series, mounted physically in the battery container 
and able to supply and balance the electrical system of the solar car, the 
monitoring has to be integrated to keep the system in its boundaries, as 
discussed in Section 2.1. To do this, three BMS controllers are integrated in the 
battery container, attached to the battery cells and configured. They are 
monitoring all 34 cells’ voltages, utilising 21 temperature probes and measuring 
the current, while being supplied by their controlled cells. Each controller is 
capable of triggering the safety circuit and communication in between the 
controllers and output through the telemetry is achieved via a CAN network. 
The safety circuit can also be triggered by either the driver or via an emergency 
button on the outside. It is powered by the 12 V output DCDC supplied by the 
main battery pack. To initiate the safety circuit, a small three Li-Ion cell secondary 
battery is used. The safety circuit is capable of opening relays in each of the five 
MPPTs to disconnect solar energy supply, can deactivate regenerative breaking 
in the motor controller to prevent regenerative energy supply and can open the 
main contactor, disconnecting the main battery pack from the car. 
The MPPTs are modified Microcare MPPT Solar Charge Controllers [45], 
adjusted from charging 12 V to 48 V Lead-Acid cells to a 142.8 V Li-Ion.  
 
 
Figure 5.1: Current vs. voltages of solar cells 
VOLTAGE 
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The MPPTs are adjusting the load on the solar panels to keep them as close to 
their maximum power point as possible to not waste any potential [46]. While 
most often the battery voltage is kept below the solar cell voltage at maximum 
power as seen in Figure 5.1 [46], in this specific example the output voltage 
between 45 V and 72 V needs to be boosted to the battery voltage. While with a 
too low voltage, the current would stay at the maximum and the received power 
as their product would be reduced, with a too high voltage there is no gain from 
the panels anymore at all, as the current drops to 0 A. With a constantly changing 
maximum power point due to changes in lighting, the adjustment of it has to be a 
permanent task for the MPPTs. 
The brushless DC motor is a Mitsuba M2096D-II in hub motor managed by a 
Mitsuba M1596C motor controller [26], which powers the coils in the motor 
selectively via a three-phase signal, which it determines by the power supply, the 
driver’s controls and the position feedback from the motor. This propulsion system 
operates with 2 kW nominal and 5 kW peak at 70 V to 150 V and up to a total 
efficiency of 95 %. It is also able to use regenerative breaking, with a software 
selected peak output and a transition range with lowering output, depending on 
system voltage, which corresponds to the main battery voltage. 
The motor controller creates 36 TTL pulses per motor revolution sent to a low 
voltage control unit. This unit then converts it in meter per second and transfers 
the value via CAN to the telemetry. It also controls the lights, horn and indicators 
by supplying them with 12 V through relays. This information is also transferred to 
the telemetry via CAN. 
The telemetry, powered by the DCDC with 12 V, receives the car signals, speed 
and battery state via CAN, and can use an additional GPS module integrated into 
it and a memory card to supply the information even after system failures for 
analysis. Its video unit is further able to create a video output to a small screen for 
the driver with information displayed depending on variables. This information can 
be any value received, transformed to a real life value to reduce distraction and 
improve efficiency. 
A functional overview of the complete electrical system is displayed in Figure 5.2. 
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Figure 5.2: Functional electric system diagram of the solar car 
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5.1  Battery controller integration 
The bus bar connecting points on each module present an easy point where a 
potential sensing cable can be attached. With each battery monitoring controller 
able to monitor between four and fourteen cells, the minimum being four as the 
battery management system also powers itself from the monitored cells, an even 
spread of cells amongst them is recommendable. If not spread equally, the 
consumption of the controllers would be divided onto unequal cell counts and 
increase the imbalance of the cells, leading to energy dissipation of the higher cell 
count modules. Three controllers are needed in total to take care of the 34 
modules, each of eleven or twelve respectively.  
To prevent the load for the supply of the controllers to create a voltage drop over 
the resistance of the connecting wires and altering the measurements, a second 
cable is used on both the most positive and most negative terminal of the 
modules monitored by one controller, solely for the supply load, while the sensor 
cables can stay virtually load free. The most negative and all positive terminals of 
each module are connected to its respective controller, assuming the negative 
terminal of the second negative terminal to be the same as the first positive and 
so on. The voltage drop between the modules is considered insignificant, as the 
connection is of lower resistance. The lower resistance is due to wires not  just 
0.5 mm in diameter as in the sensing wires but multiple square centimetres as 
well as the length of this connection being relatively short compared to sensing 
wires up to 50 cm in length. 
In total, this leads to six supply and three negative sensing wires for the three 
controllers, in addition to the 34 positive sensing wires connected to the modules, 
with the controllers positioned in a way the overall cable length is as short as 
possible, placing the first and third module with eleven modules to monitor each 
on the side of the overall pack terminal and the second module with twelve 
modules on the opposite, as discussed in Section 4.13. This way, 29 of the 34 
monitored modules are on the same side as their controller, reducing the 
necessary wire length significantly.   
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For the thermal sensing, seven negative temperature coefficient (NTC) probes 
have to be connected to each controller. Not having all connected would lead the 
controller to assume that a probe has failed. The only way to reduce the number 
of these probes is by connecting them to multiple probe inputs or placing constant 
resistors that simulate a stable temperature. As enough probes were available 
and temperature monitoring was a critical demand for operation safety, all probes 
were used. The amount of wiring for the NTC probes was reduced by building a 
common sensor supply line, with the probes feeding back in individual lines. This 
lead to a “temperature measurement cable tree”, which could be guided along the 
measured cells and the probes branching off to be attached to modules. 
 
Figure 5.3: Battery cell measurement wires 
With the controllers measuring cells in series, only one current sensor for the 
whole battery pack is needed. As all controllers can deactivate the safety circuit, 
this is also sufficient to disconnect the battery, but the result can also be shared 
via CAN communication with the other controllers or network attached devices. 
The cables making these measurements and connections can be seen in 
Figure 5.3 with the BMS controllers and interface plugs. 
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Not only for the current measurement, but also for the controllers to be 
operational, able to work as intended, set up and feedback of data to the user, 
communication has to be established. A CAN cable connecting all three 
controllers with an automotive plug and an additional RS232 port on the outside 
of the box for monitoring and setup were integrated, the automotive plug to be 
used while in operation to communicate with other components of the car. This 
automotive plug was also used for the activation and deactivation of the BMS with 
TTL signals and the safety circuit supply and feedback as well as a TTL signal for 
deactivating the solar power input if the batteries are full. 
 
Figure 5.4: Completed battery container with cells and wiring 
Even though the controllers can communicate via CAN to switch off the system, 
which would only require one controller to be attached to the safety circuit and to 
control the solar power, the controllers also include a hardware protection layer. 
This hardware protection layer only monitors the directly attached modules and 
does not regard others in the network. This means that if the CAN communication 
would fail for any reason on either a controller that detects a fault in the battery 
system or the controller connected to the relays disconnecting the circuit is not 
receiving the error message, the management system would not be able prevent 
an error. For this reason, the lines feeding into the automotive plug are first 
guided through all three controllers for safety reasons. The completely integrated 
battery container with cells, BMS terminal cable and interfaces can be seen in 
Figure 5.4. 
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5.2  Battery system setup 
While the hardware protection layer is already set up for general boundaries of 
the lithium based battery technologies, this layer has hardcoded behaviour. It is 
not possible to adjust it to the specific cell behaviour and is therefore independent 
of the user’s setup and reacts only to situations that are certainly out of the 
acceptable range for any kind of lithium cell that might be connected. While this 
prevents several possible faults in the setup of the cells or the software 
parameters to become hazardous, it is not sufficient as it cannot prevent all 
scenarios and certainly does not keep the cells in the ideal range, reducing the 
live expectancy. 
For this software parameter setup, the controllers require communication 
established via the CAN protocol, and to do so need to have network addresses 
assigned. This assignment also sets the master controller that will conduct the 
primary current measurement and communicate general system information like 
maximum temperature or state of charge, calculated from its own values and CAN 
supplied values by others, while all controllers transmit individual information like 
each cell voltage. To set the order of the controllers, the easiest way is to place 
them in a daisy chain setup before their initial start or after resetting. This setup 
can be achieved by using the 5 V source on the master controller as a signal to 
the ignition input of the second controller and so on [47]. 
As the number of cells has to be entered on hardware level for each controller at 
the factory, at this stage the number of controllers and total cells in the system 
become known to each controller, and without manual reset or adjustment, none 
of them will operate until all other expected controllers are online. As soon as the 
controllers are online, there are two possibilities to set them up. A limited network 
independent access is possible via an RS232 interface on each controller, which 
can be accessed with any terminal software and a RS232 to USB adapter on any 
computer [48]. More advanced, as with logging capability and more setup options, 
while able to adjust the whole system is the manufacturer’s software “PC Tool”  as 
shown in Figure 5.5. It also has the advantage that no physical access to each 
controller has to be made if the system is already attached to a CAN to support 
communication with other components, as it is the case with the solar car. This 
allows quicker and easier access for both setup and troubleshooting. 
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Figure 5.5: REAPsystem's PC Tool for managing BMS controller 
Although superior in features, the CAN approach has disadvantages, as it 
requires an interface on a PC, with the supplied software tool sensitive to the 
PC’s configuration. This lead to multiple connection issues that could not be 
solved but only treated with trial and error and different PCs, as feedback for the 
cause was given by neither the software nor its developers at REAPsystems. 
Another disadvantage is that as soon as any controller’s hardware protection 
layer is triggered, the CAN communication is not successful anymore. This means 
that for example for a wire that lost continuity, the corresponding controller could 
not be identified via CAN, but only via RS232. 
5.3  Safety circuit 
Only minor changes had to be done to the initial design to integrate the safety 
circuit. The most apparent change was to only enable the input from the solar 
panels and motor while discharging is allowed. This change was necessary, as 
the supply from outside of the battery pack, including the electric motor and solar 
power, is only connected via one pair of cables, which are the same cables used 
for supplying consumers. This leads to a complete disconnect of the battery from 
the system if it is too empty, and while the MPPTs at the solar panels with a 
relative stable output would be able to cope through their output control system 
with a lack of a sufficient power drain in the system, the fluctuating regenerative 
breaking output of the motor controller would push uncontrolled current for short 
times into the system that has no buffer at that time.  
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To prevent this from causing damages, any supply to the solar car has to be 
deactivated, also disabling telemetry and other 12 V systems. 
Another change was the reduction of current that has to flow through the safety 
circuit. A small relay controlling the coil supply of the main contactor was 
introduced and placed into the circuit. With this adjustment, the Asupply,Contactor = 
0.9 A of it only had to be transferred on short distances, while the safety circuit 
was reduced to an Asupply,Relay of 75 mA. 
 
Figure 5.6: Adjusted safety circuit 
In
s
id
e
 B
a
tt
e
ry
 
c
o
n
ta
in
e
r 
D
e
a
c
ti
v
a
te
 
re
g
e
n
e
ra
ti
v
e
 
b
re
a
k
in
g
 
 67 | P a g e  
 
As a last change, the DCDC initially placed within the battery container had to be 
moved outside. While this was mainly to not block the air flow towards the 
batteries in already limited space, it also reduced necessary cable lengths to the 
low voltage consumers, as due to low voltages multiple amperes had to be 
supported. The adjusted safety circuit is shown in Figure 5.6 with simplified 
batteries and consumers, within the green rectangle the part physically inside the 
battery container. 
5.4  Safety circuit supply 
With the battery management system only drawing their own operating power 
from the attached cells and operating relays for the disconnection relays, the 
attached relays and contactor have to be powered by an external source. With 
relays and contactor at 12 V, the DCDC would be the ideal choice, but with the 
contactor still disconnected, the DCDC is not supplied and does not deliver 12 V 
either. To work around this, a secondary battery with nominal 10.8 V, made out of 
three Panasonic NCR-18650A is used. As this small secondary battery is not able 
to supply especially the main contactor indefinitely, it needs to be charged and 
supported, which the DCDC is indeed capable to do as soon as the contactor is 
closed. With it placed outside of the container as discussed in Section 5.3, an 
additional 12 V supply had to be established. Diodes have to be placed as to not 
drain the secondary battery by powering the regular 12 V circuits the DCDC 
supplies.  
5.5  Safety circuit wiring 
With the reduced current needed after the contactor discussed in Section 5.3, the 
safety circuit could be built with a smaller wire diameter. As the contactor and the 
secondary relay are normally open, any disconnect of this circuit  would 
disconnect the whole battery pack. According to the rules of the SASC 2012 solar 
challenge one switch was located accessible from the outside of the left hand 
side of the driver, while a second safety button was placed on the control board 
within the reach of the driver. 
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At this the wire is forked, one wire directly going back to the battery container and 
to supply the second relay coil, while a second wire is fed through an additional 
switch that allows the user to activate the ignition, an input to the BMS to start the 
system up. 
 
 
Figure 5.7: Safety and ignition circuit outline 
For the switches latching DPDT push buttons were used that had PVC protection 
caps available. With these features, one type could be used for all three positions, 
reducing the number of spare parts needed. The selected button is shown in 
Figure 5.8 [49], the positioning of the buttons and the safety circuit wire in 
Figure 5.7. 
 
Figure 5.8: Safety circuit push buttons 
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5.6  Telemetry setup 
With the battery management system operating and communicating via CAN, it 
would be beneficial to make this data available to the driver also. The Race 
Technology telemetry system was already selected by the team, which supports 
CAN communication via its DL1 MK3 system depicted in Figure 5.9 [50]; further 
advantages through this system are logging of the available variable values 
including GPS reception and with the addition of RS232 to WIFI adapters, even 
external monitoring within its reception range. In this environment, this is 
permanently achieved by the competition’s requirement to have supporting 
vehicles around the solar car at all times, and a laptop with receiver and software 
in them. 
 
Figure 5.9: Race Technology Ltd. DL1 MK3 
Another piece of the telemetry system is the Video4 as depicted in 
Figure 5.10 [51] that produces an S-Video signal composed of selected variables, 
videos and graphics that can be adjusted with a guided user interface on a 
computer and flashed onto the device. This video input was also used as the rear 
view mirror, as a system for the driver to look behind him was required in the 
SASC 2012 rules. 
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Figure 5.10: Race Technology Ltd Video4 
This allows the information for the driver to be adjusted to his and the applications 
needs, e.g. in this case battery information. To control the information, further 
thresholds can be set to only display specific information if it exceeds certain 
values. As an example, the rear view was deactivated at higher speeds, allowing 
the driver to identify important information without distraction more easily. An 
example setup with whitened background to be legible on paper is seen in 
Figure 5.11. 
 
Figure 5.11: Driver Screen feedback 
The information for the support cars on the other hand is available in full extent in 
the style of a table, allowing further analysis of the system state while running.  
For the preparation of the information, especially from the CAN input, filters and 
correction factors are necessary in the telemetry software as seen in Figure 5.12. 
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Figure 5.12: CAN reception of telemetry system 
With different information transmitted on the same address from the BMS, 
information with wrong prefixes has to be discarded and wanted information 
adjusted to real values; for example, voltage is transmitted in 1 mV, temperature 
in 0.1 °C, current in 10 mA as base unit. Some values need to be temporary 
transformed into smaller values to cope with a variable limitation of the telemetry 
software, able to display large values by a multiplication before the output, but not 
for saving or transferring them internally via RS232. Once could be easily solved 
once identified. 
5.7  System test 
Testing was conducted after each step of creating the container and extensive 
system testing after completion. The main purpose of the test was to find flaws in 
the design and manufacturing as early as possible and correct them either by 
adjusting the design, acquiring other materials or processing differently. This was 
supported by the design as far as possible, e.g. the battery container was 
designed wider than initially necessary. 
After completion, not only individual components had to be tested but their 
interaction as well. With the SASC 2012 event approaching and while taking 
place prohibiting any alteration of the battery container, these tests were 
especially important, as failure and subsequent repairs would not only certainly 
be punished, but the ability to repair issues on the road would be limited, to 
replace components only possible if the respective spare parts are available.  
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This way the system test was not only to show flaws of the system itself, but also 
to gather information on the tools and parts needed to be taken for issues that 
can be fixed while on the road. 
5.8  Vibration testing 
Without street legality outside of the SASC 2012 event, tests of the full system, 
that is not just the battery container but the whole car, were limited. The closest 
possible approach to long time regular road testing was to simulate the shocks 
and vibrations the battery system might have to stand while driving, and with a 
vibration table usually used for concrete a simple solution was available, as 
shown in Figure 5.13. 
 
Figure 5.13: Vibration testing 
After multiple hours of various intense vibrations, all contacts and restraints could 
be inspected for discontinuity or loosened connections. Loose connections could 
only be found on battery cells and were with higher current spot welded again. 
This was repeated until no new open welds were occurring.   
 73 | P a g e  
 
5.9  Track testing 
There also was a limited number of actual solar car drives to test the system, 
primarily on a VW test track and as well on the Gerotek test facilities. While these 
were the only tests where projected speed and operation occurred, these test 
drives lacked two substantial factors of the actual event, inclination and road 
condition, e.g. potholes, typically only steep turns as seen in Figure 5.14. With the 
car not designed for high acceleration, the forces on the system in such situations 
were expected to be considerably higher than in this test environment. 
 
Figure 5.14: Racetrack testing on Gerotek Test Facilities 
Besides minor adjustments to the arrangement of data on the video screen for the 
driver, the battery and safety system met its expectations. 
5.10  Race adjustments and optimisation 
Most of the design was realised as planned, however several adjustments 
became necessary before the event. 
As the initial design process and order of the BMS controllers was done before 
the SASC rules for 2012 were available, the car was designed to meet the 2010 
rules. While most rules were left unaltered, a critical change to the allowed cell 
weight for Li-Ion technologies replaced mmax,old = 25 kg with mmax,new = 21 kg [18]. 
With single cell weight fixed, only their number could be reduced. As discussed in 
Section 5.2, the number of modules is hard coded into the BMS controllers at the 
manufacturer’s site, so reduction would only be possible by physically altering a 
BMS controller to accept less.  
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This would require a shipment to England and an unlikely return in time for the 
setup before the event. Therefore, the only alternative was chosen, reduction of 
the cells within a module. As only the number in series was fixed that sets the 
voltage, reduction of cells parallel within the modules reduces the maximum 
available current and capacity of the battery pack, but not the configuration. The 
low power demands of the solar car supported this approach as well. To not drain 
modules unbalanced, the capacity of each module had to be equal, which also 
sets the number of cells per module equal. With 34 modules in series and a limit 
of mmax,new = 21 kg and no fraction of cells possible - 
 21000 g / 34 modules / 45.5 g/cell  
= 617.65 g / module / 45.5 g / cell  
= 13.58 cell / module  
This corresponds to 13 cells that can be placed in each module to stay within the 
rules. This meant removing three cells from each module worsening the unused 
battery weight from 0.99 % to 4.23 % of the total allowance.  
With high capacity in the motor controller and the MPPTs, the contactor had to 
sustain off specification inrush currents. Eventually they deteriorated the quality of 
it. To prevent this from happening, a small inrush circuit was introduced, that is 
placed in control of the main contactor. Instead of connecting the safety circuit to 
the main contactor, it was connected to a circuit that opens a small relay and after 
a second delay the main. The small relay is connected parallel to the big 
contactor and pre-charges the capacitance of the system over resistors. The size 
of the resistance was adjusted to the completed system with the help of an 
oscilloscope so to just reduce the inrush current sufficiently without the risk of 
damaging the pre-charging line. As soon as the main contact is opened, the pre-
charge line is unburdened by the low resistance main power line.   
 75 | P a g e  
 
The electric motor of the solar car includes a potentiometer knob to control the 
intensity of regenerative breaking, allowing the driver to adjust it to his means. 
Completely disconnected, no regenerative breaking is used at all. As discussed in 
Section 5.3, the safety circuit allowed the BMS to switch of solar power; this was 
extended to apply for the regenerative breaking too by placing a relay in the 
feedback from this driver-controlled potentiometer. This way, the driver stays able 
adjust the motor in his liking, with additional safety by the BMS. 
With the VWSA-NMMU Solar Car Project team mostly consisting of mechanical 
engineers concerned with maintaining the car while there might be the risk of 
electric shock and as another hardware level protection, the positive power line 
from the battery pack was fed through a 50 A rated trip switch accessible from 
outside the battery container. This way, it is visible without any additional tools or 
knowledge if the system was deactivated and failing current measurement of the 
BMS would not permit short circuits to sustain. 
For reducing the hazard of touching the copper side contact plates at the end of 
the battery rows or short-circuiting them accidentally, any exposed part of them, 
the ring terminal of the connecting cable and the fixing screw were concealed with 
insulation tape. 
5.11  Conclusion 
With the modules assembled into packs, attached to the battery container and 
electrically connectable with the solar car system, this chapter discussed the 
integration of the control, monitoring and safety systems as well as testing of it. 
First, the battery controllers needed to be connected to the battery modules and 
each other and the safety circuit needed to be adjusted to new findings. The 
telemetry required setup to be able to interpret the battery management’s CAN 
messages and display them for the driver in a useful way. With the full system 
installed, testing had to be conducted and adjustments of flaws had to be 
undertaken subsequently.   
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The VWSA-NMMU solar car in its completed state can be seen in Figure 5.15. On 
the SASC 2012 itself, only one issue occurred. As discussed in Section 5.7 no 
incline or rough road driving could be tested. While on the road, especially 
downhill, the end contact plates that, opposing to the modules to each other, were 
not connected via bus bars, lost contact through vibrations. These disconnects 
further triggered reactions by the BMS, depending on the current state of it most 
often a continued “fully charged” event, but also continued “fully discharged” 
casually that could only be reversed by a system reset. This lead to multiple 
deactivations of the solar power and the regenerative breaking, the latter being 
especially important on downhill sections as a significant energy supply and to 
support the brakes that are not designed for constant use. The problem was 
eventually solved by connecting a wire that had ring terminals on both the screw 
connecting the main power line and the unused bus bar terminal on the end 
module. This solved the problem permanently. 
 
Figure 5.15: VWSA-NMMU solar car in race condition 
While the system worked as expected, multiple enhancements were discovered 
while building and using it, especially with the opportunity to compare with other 
solar cars on the SASC 2102. Chapter 6 discusses them.  
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6.  Future development, improvements and conclusion 
With the completion of the SASC 2012, a list of ideas and suggestions for the 
next generation of the NMMU solar car could be composed. It consists of 
adjustments and improvements that were not possibly realised with the 
restraining time frame before the event and insufficient funds to adjust to 
experiences in the development process. 
6.1  Module design 
The battery modules could be, similar to Tokai University’s Tokai Challenger, built 
into flat packs as seen in Figure 6.1 [52] that can get mounted into a rack.  
 
Figure 6.1: Tokay University battery module 
 This has multiple advantages: no complex injection moulding, no punching of 
complex nickel sheets needed and no tension between the nickel sheets and the 
battery contacts, as the sheets do not have to be bent.   
Terminals 
joined 
equivalent 
to nickel 
sheets  
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6.2  Material sourcing 
The nickel sheets used were 0.254 mm thick, for future models thickness reduced 
to 0.1 mm to a maximum of 0.15 mm should be reviewed; with enough time 
ahead of completion dates this should be either available on the international 
market or the current strips could be grinded down beforehand in an automated 
process, hence more consistent. As an alternative, a stronger spot welder would 
need to be acquired. This would most likely require either buying a complete 
system or at least a parallel electrode spot welding mechanism attached to 
available spot welding controllers intended for the typical sheet welding. 
6.3  Positioning of pack 
The battery could be located higher up in the car. While the centre of gravity is 
less optimal if further off the ground, reducing the car’s stability, the pack is more 
easily accessible when placed above the base structure of the frame and can also 
be spread out more in this area, as there is sufficient space between the lower 
frame and the panels available that is currently empty but necessary for improved 
air flow. With this shift of position, the battery compartment currently located 
outside the actual body can be decreased if not removed and support wind slip 
behaviour in a positive way. 
6.4  Battery management system 
While the BMS used has the advantages to be properly tested and relative 
flexible, it is not fully adjustable to the exact needs of this application. If there is 
sufficient manpower, time and money, a system designed in the team could be 
reduced to only support features needed, with especially a hardware protection 
layer behaving in a preferred way. The development of it could also be joint with 
similar efforts from other similar university teams, may it be solar car teams as 
well as participants of competitions like Formula Student.   
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6.5  Safety circuit 
The safety circuit could be substituted by trip switches similar to what Tokai 
University did for their Tokai Challenger shown in Figure 6.2; this would eliminate 
the circuit’s energy consumption of Asupply,Relay = 75mA and Asupply,Contactor = 0.9A 
with the addition of resistance losses, simplifying the system. To access the 
safety switches from the outside for an emergency shutdown, a pull rope could be 
used. With such a solution applied, this version of the NMMU Solar Car could 
have avoided the consumption of the main contact of the battery pack and five for 
the MPPT relays: 
 12 V * ( Asupply,Relay + Asupply,Contactor ) + 5 * 12 V * Asupply,Relay = 16.2 W 
Removal could result in saving more than 16W, equalling to more than 1.5 % of 
the expected average energy supply from the solar panels. As the rules only 
stipulate the need for manual, mechanical disconnect ability, battery monitoring 
instead of battery control or management might be used in combination with user 
operation in a fail situation. Alternatively, a mechanically disconnecting trip switch 
could be used in combination with a non-mechanically disconnecting relay, which 
offers significantly less consuming technologies, like solid state (contactor) relays 
for system supply control through the BMS. 
 
Figure 6.2: Tokai University’s “Tokai Challenger” safety system switch  
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6.6  Main contactor 
The main contactor currently used has a relative high consumption. If the system 
cannot be adjusted as discussed in Section 6.5, a more economic version might 
be available. Independent of this, despite their relatively high price, spare 
contactors should be available, as the quality of the contact when closed, that is 
defined by the contacts’ resistance, is deteriorated by arcing and inrush currents. 
With currents up to 10 A constantly, the voltage drop and energy loss can be 
quite significant, which in the SASC 2012 solar challenge heated the main 
contactor to above 70 °C in the intended usage scenario and 20 °C environment, 
displaying significant losses. 
6.7  Pre-charging 
A pre-charging circuit should be considered to be built in from the start to 
decrease the chance of high inrush currents that are deteriorating the contact 
quality of the main contactor. Especially the motor controller and the MPPTs 
account for significant capacities that charge on closing the connection, and while 
the MPPTs’ capacitance could be prevented from charging from the battery side 
by diodes only allowing output, the motor controller cannot be prevented from 
discharging after system switch off with diodes only allowing input without losing 
regenerative breaking. It further is losing this charge slowly through the motor. 
With a self-made BMS controller, this could also be incorporated directly into the 
architecture.   
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6.8  Discussion and conclusion 
In conclusion, the aim of this research was to create a solar car battery pack that 
is as rigid and easy to handle as possible and that fulfils the regulation specified 
for the South African Solar Challenge of 2012. Therefore, the research did not 
only have to incorporate the safety features necessary for such a system, but had 
to fulfil them in accordance to specific rules, design constraints and adjusted to a 
specific event. For this, different engineering disciplines had to be combined, 
especially mechanical with material selection, structure design and 
manufacturing, chemical with Li-Ion cell behaviour and electrical with circuit and 
safety design. For setting up the battery management system and communication 
with other components of the car, computer science was needed as well. 
As the development of the solar car and all components of it, including the 
content of this research, was the first of its kind at this university, it was meant as 
well to set and analyse the capabilities and limitation of this in the given 
environment. Therefore, detailed a report including contacts to industry, sources 
for material and concepts, even discarded ideas, is of high importance for future 
developments of for example the second generation of a solar car. With the 
knowledge and industrial contacts now available, a lot of the time used for the 
discussed system can be saved on future developments, therefore rendering 
more time and direction for the improvement of the current system, testing of new 
designs and their adjustment. 
Naturally, adjustments are not only necessary due to changes in future 
generations of the solar car or competition rules, but as well due to optimisation 
opportunities discovered in the current design or new technologies available. This 
research builds the base to understand the concepts and ideas used, and 
mentions possible areas of improvement for future generations, giving the future 
NMMU Solar Car Team access to ideas for improvements that might otherwise 
only be developed at a too late state to be implemented.  
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